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Abstract 
There exists a broad range of treatments for the adhesive bonding of aluminium and 
its alloys. The most successful and widely adopted treatments include; chromic acid 
etching and anodising (CAE and CAA), and, phosphoric acid anodising (PAA). These 
treatments provide highly micro-rough surfaces suitable, if fully wetted, for 
"interphase" formation. In addition, and particularly with the anodic oxides, a barrier 
film is produced which is thought to prevent hydration and loss of joint strengths 
though this mechanism. 
The requirement for more environmentally-benign surface treatments to the 
hexavalent chromium based processes previously mentioned has led to many 
investigations into alternatives. In the present study the boric-sulphuric acid anodising 
(BSAA) process, which is a non-chromated alternative oxidation treatment has been 
optimised for the adhesive bonding of both bare and clad 2024-T3 and bare 7075-T6 
alloys. 
A range of Surface analytical techniques, including Auger electron spectroscopy 
(AES), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and 
scanning electron microscopy (SEM), have been used to study the changes imparted 
to the surface by the "standard" and optimised BSAA treatment. Adhesion levels have 
been established using the Boeing wedge test. In addition, salt spray, filiform 
corrosion and polarisation tests have been carried out to assess the corrosion 
performance of the optimised oxidation treatment. 
It has been demonstrated in these studies that there are three possible methods of 
providing excellent durability using a variation of the standard BSAA process: the use 
of an electrolytic phosphoric acid deoxidiser; a high temperature anodise at 350C, and 
the use of a post anodise phosphoric acid dip. In all cases environmentally-aged 
wedge test results were comparable to the CAA control. 
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Chapter I- General Introduction K. Yendall 
1. General Introduction 
There exists a wide range of materials used in the production of modern aircraft 
structures. These materials are chosen for their functional properties, for example, low 
density or mechanical properties, such as high tensile strength and stiffness. Another 
factor affecting the usage, within this industry, is the cost of these materials. This is 
where the choice of materials for commercial and specialised high-technology uses, 
such as military applications differ. A good example of this is shown in figure 1.1, 
where the percentage mass of structural materials used for a modem military fighter, 
is compared to an aging commercial aircraft, the Boeing 747 and the equivalent 
modern version, the Boeing 777. From this information the increased spread and 
diversity in state-of-the-art materials for military applications can be seen such as 
carbon-fibre composites, titanium and aluminium-lithium alloys. This does come at a 
cost, which for passenger aircraft, can only be justified by large weight savings or 
superior structural performance and is reflected in the materials used for the Boeing 
747 and 777. Despite the increasing trend in the use of carbon fibre composites, in 
more recent passenger aircraft, the standard aluminium alloys still remain the 
dominant material used for modem commercial applications and it is this range of 
materials, which are considered in this study. 
Figure 1.1 Percentage mass of structural materials usedfor various aircrafts' 
A significant issue associated with aircraft production is how to join these materials 
together, to make up the individual sections, which then go on to final assembly. A 
number of methods exist to achieve this, including, bolting, riveting, welding and 
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adhesive bonding. Riveting is the most established form of joining aircraft structures. 
A disadvantage to this type of joining is that the fasteners produce points of stress 
concentration, when compared to bonded joints; adhesively bonded joints transfer 
their load relatively uniformly throughout the bonded area, figure 1.2. Even if 
mechanical fasteners are combined with adhesive bonding, the rivet holes can act as 
points for water ingress and so provide moisture paths for degradation of the bondline, 
which weakens the joint and can be a source of fatigue initiation sites. 
j) 
U, 
a) 
Pi oeted 
CD 
;! 15 
- -v bonded Adhesiml 
Figure 1.2 Stress distributions in a rivetedjoint and an adhesively bondedjoint. 
Adhesively bonded joints are superior over mechanically fastened joints in a number 
of ways: high strength to weight ratios, increased fatigue life, simplified design, 
smooth external finish, and the ability to join dissimilar materialS. 2 
Adhesive bonding and the pretreatment of materials prior to bonding is one of the 
single most studied areas of research in aerospace applications. Many studies have 
3-4 
shown the importance of pretreatments prior to the bonding of aluminium . 
However, there are still concerns in using adhesive bonding including the historical 
lack of confidence in durability. Also there exists, only limited proven inspection 
methods for bonded joints, with service disassembly being impossible. This latter 
topic is beyond the scope of this thesis. The relationship between surface pretreatment 
and adhesion is, in contrast, central to this study. 
With all metals it is known that to able to achieve good bond strengths and durability 
for adhesively bonded joints, careful cleaning and other processing steps are required. 
The objectives of these surface preparation stages are; the removal of surface 
contamination, creating a high surface ftee energy and so improving wettability by an 
2 
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adhesive system; exposure of a fresh chemically active surface, making the formation 
of primary or secondary bonds possible, and; chemical modification of the surface 
and surface structure to produce an interface resistant to hydration and suitable for 
mechanical interlocking. For aluminium, there currently exists a large number of 
processes developed to achieve the above surface properties, including acid etching, 
anodising and conversion coatings. The most successful of these methods contain 
hexavalent chromium (Cr t). 
The main driving force behind current research in this field is the need to find 
alternative methods to these currently used Cr+6-based processes. In the past, Cr+6 
processes have shown excellent performance in terms of bonding and corrosion 
resistance. As a result Cr+6 has found widespread use and confidence throughout the 
aerospace industry, but it is now recognised as highly toxic and a suspected 
carcinogen. This has lead to recently considered environmental legislation, which is 
forcing the aerospace and other industries to seek replacement surface pretreatments 
to the Cr76 methods. Due to the success and diversity of Cf +, 6 , with its superior 
corrosion inhibiting properties no single drop-in replacement has been found, which 
satisfies all of its qualities and functions. Instead, individual processes are being 
developed for each different application that Cf6 has found a use in. The most 
extensive of which, presently utilised, is in chromic acid anodising (CAA) for the 
pretreatment to bonding and corrosion protection of aluminium alloys. It is this aspect 
of research that this thesis focuses on and the replacement of CAA and the chromated 
pretreatments associated with it. 
In summary, the subject of this investigation is the surface pretreatment of aluminium 
alloys and the effect this has on adhesive bonding and corrosion protection. There is 
particular focus on aerospace materials and the development and optimisation of 
hexavalent chromium-free processes for these purposes. 
1.1 Aims and Objectives 
The aim of the investigation was to study the surface topography and chemistry of a 
control process already present in commercial use, and which is known to give good 
bond durability and corrosion resistance i. e. CAA. At the same time the boric- 
3 
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sulphuric acid anodising (BSAA) process, which is an environmentally benign 
oxidation treatment, with the potential for producing similar surface topography and 
chemistry to that of CAA, was developed. 
The BSAA process is currently used in industry as a pretreatment for aluminium prior 
to paint applications and for corrosion protection. As such it is demonstrably an 
5 
appropriate chromate-free alternative to CAA for these purposes. However, BSAA is 
unable, at present, to fulfil the need for a surface pretreatment prior to structural 
adhesive bonding. The objective of this study was to develop or optimise the currently 
used BSAA operating parameters to successfully recreate the surface characteristics 
necessary for good adhesive bond durability that is already produced by CAA. The 
next objective was to make use of mechanical joint test data and corrosion testing, to 
evaluate modified BSAA processes with respect to CAA to identify a version with 
equivalent performance. 
If these goals were achieved, then the BSAA would then be considered a viable 
replacement to CAA as a pretreatment to paint applications, structural adhesive 
bonding and corrosion protection, potentially eliminating the need for CAA, and 
dramatically reducing the use of Cr6 in the aerospace industry. 
With this in mind the report is divided into a number of chapters. A literature review 
is given in Chapter 2, with the objective of providing the necessary background 
knowledge of surface pretreatments, mechanical testing, corrosion testing and 
relevant research carried out in this field. A final summary of the main points from the 
review is followed by the experimental methodology used in this work. The 
Experimental Procedures are then given in Chapter 3. The results of the surface 
characterisation, mechanical testing and corrosion testing are then presented in 
Chapter 4. Chapter 5 contains the Discussion, which brings together elements of all 
these chapters and which critically assesses the surface characteristics necessary for 
good adhesive bond durability that have been demonstrated for both the CAA and 
BSAA processes. The thesis concludes in Chapter 6 with an overview of the results 
found, together with suggestions and Further Studies in Chapter 7. Finally, References 
and Appendices are provided. 
4 
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2. Literature Review 
The literature review begins with details of the relevance and background to this 
investigation to the aerospace industry. It then proceeds with a discussion of the 
mechanics and fundamentals of adhesion. An introduction to the surface analytical 
techniques available for the study of adhesive bonding is also given. The historical 
use of the different adhesives themselves, and the effect this has had on the use of 
surface pretreatments, is considered. The review evaluates the various surface 
pretreatments available, used prior to adhesive bonding. The section goes on to 
concentrate more on anodising, for aerospace applications and the multiple stages 
associated with this process. The effects of these pretreatments and how they 
influence the final surface composition are also discussed. Environmental issues are 
highlighted, where alternatives to hexavalent chromium are reviewed, including 
details of the main area of this work the boric sulphuric acid anodising process. The 
theories behind anodising, with a view to understanding the mechanisms of anodic 
oxide formation are also examined. Post-treatments to anodising are discussed 
including a phosphoric acid dip to aid bonding and priming prior to bonding. Sealing 
of anodic oxides for corrosion resistance is also considered. As a means of evaluating 
the durability of pre-bond surface treatments, mechanical tests have been reviewed 
with the advantages and disadvantages of the various tests outlined, The final section 
concentrates on the corrosion aspects of the work. 
2.1 Background 
The following section covers, in detail, the aluminium. alloys relevant to this 
investigation. The metallurgy of aluminiurn and its alloys is touched upon but 
intimate details are beyond the scope of this work. A more comprehensive overview 
of this field is given in references [6] and [7]. In addition joining techniques for 
aerospace alloys other than bonding are briefly reviewed. As too is the historical use 
of the various adhesives used in the aerospace industry. 
5 
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2.1.1 Aluminium and Its Alloys 
Aluminium is the third most abundant element in the Earth's crust. Sir Humphry 
Davy established its existence in 1808. Despite this, aluminium did not then find 
widespread usage, due to the difficulties in the extraction from its ores. The most 
common ore being bauxite, which is typically 40 - 60% hydrated alumina with 
impurities of iron oxide, titania and phosphorous compounds. 
The advantages of aluminium are vast, some of which include: its relatively low 
density; high thermal and electrical conductivity, and; its superior corrosion resistance 
over ferrous materials. The latter, being due to its naturally high affinity to oxygen in 
which the surface oxide film forms a compact insulating barrier layer of amorphous 
aluminium oxide. 
The low mechanical strength and relatively high ductility of aluminium. limit the uses 
of the pure metal and a vast array of alloys have been developed to meet specific 
requirements demanded by engineering applications. These alloys fall into two 
classes, firstly the cast alloys, which are cast directly into their desired form. 
Examples of this include sand casting, gravity die-casting and pressure die-casting. 
The second class is the wrought alloys, which are initially cast into ingots or billets 
and then hot or cold worked mechanically into various forms such as sheet, tube or 
extrusions. 6 It is this latter class which is the focus of this study. 
In the beginning of the 1900's the first alloys of aluminium were being developed 
using copper. Since then many elements have been alloyed with aluminiurn to 
improve its physical and mechanical properties and an internationally accepted 
classification 8 has been adopted using a four-digit system to identify these various 
alloys. The first of the four digits indicates the alloy group according to the major 
alloying element; table 2.1 lists these groups together with their major applications. 
To fin-ther customise these properties an additional treatment is commonly carried out 
and is designated by a temper code, which consists of a letter followed by a series of 
numbers. Table 2.2 summarises these codes. For heat-treated tempers, additional 
6 
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numbers after the first digit, designate variations in the basic system as registered by 
the American Aluminiurn Association. 
Alloy group; ý,, -Mqjor alloying tlement Applications - 
I xxx Aluminium. of >99. % purity Foil, decoration, electrical conductors 
2xxx Copper High strength aircraft skins, forgings & extrusions 
3xxx Manganese Canning industry, cladding truck trailers 
4xxx Silicon Engine pistons 
5xxx Magnesium Structural & architectural 
6xxx Magnesium & Silicon 
Build extrusions, aircraft components, automotive, 
bicycle frames 
7xxx Zinc High strength aircraft & military structures 
8xxx Other element e. g. Lithium Novel & specialist alloys 
9xxx Unused series Unused series 
Table ZI Series classification ofalloying groups ofaluminium 9 
Temper 
H: 1: Cold-worked only 2: Mard 
Cold-worked 2: Cold-worked & partially annealed 4: 1/2hard 
3: Cold-worked & fully annealed 6: % hard 
8: hard 
0: 
Annealed 
F: 
As fabricated 
T: 1: Partial solution & naturally aged 
Heat-treated 2: Annealed cast products 
3: Solution & cold-worked & naturally aged 
4: Solution & natural aged 
5: Artificially aged only 
6: Solution & artificially aged 
7: Solution & stabilising 
8: Solution & cold-worked & artificially aged 
9: Solution & artificially aged & cold-worked 
Table 22 Temper codesfor aluminium alloy? 
2.1.2 2xxx and 7xxx Series Aerospace Alloys 
Due to the advantages of aluminium alloys these materials soon found their way into 
aerospace design. The high tensile strength and stiffness owing to the superior 
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response to heat treatments, of the 2xxx and 7xxx alloys, see table 2.3, has made these 
alloys the predominant materials used for structural aerospace applications. 
The 2xxx series alloys date back to 1906 when accidental discovery of the 
phenomenon of age-hardening by Alfred Wilm (Berlin) lead to the production of 
Duralumin (Al-3.5, Cu-0.5, Mg-0.5, Mn) used as structural members for Zeppelin 
6 airships and later aircraft. The 2xxx series alloys are relatively high in silicon 
content, which increases the response to artificial age hardening. The 2024 alloy with 
additions of magnesium (up to 1.5%) and a silicon content reduced to impurity levels 
undergoes significant hardening by natural aging at room temperature and is 
frequently used in T3 or T4 tempers. However, the 2xxx series in the T3 and T4 
tempers are prone to stress-corrosion cracking. 10 
1. "II Al II ý". Temper Tensile S ngth(Wi), 1' 
Yield stress 
(MP 
2024 0 185 76 
T3 485 345 
T4 470 325 
7075 0 230 105 
I T6 1 570 1 505 
Table Z3 Mechanical properties ofalloys after various tempers 9 
For the 7xxx series alloys the AI-Zn-Mg element combination show the greatest 
potential of all the alloys for age-hardening, although very high strength alloys, such 
as 7075 alloy, always contain quaternary additions of copper to improve resistance to 
stress-corrosion cracking. However, this still remains a major problem for this alloy 
composition and to improve these properties, higher temperature age-hardening has 
been developed, both in a single heat treatment, T6, and duplex heat treatments, T73 
and T76 tempers, " but these do incur weight penalties. Also elements such as 
chromium, manganese and zirconium have been added to the 7xxx series alloys to 
control grain structure during fabrication and heat treatment. 6 
8 
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Often 2xxx and 7xxx alloys are used in sheet fonn and predominately roll-clad with 
aluminium. This also causes the tensile properties to be reduced by as much as 5% 
compared to the same bare or unclad alloy. Much greater reductions are found in 
strength under fatigue conditions in air, due mainly to the ease by which cracks can be 
initiated in the soft surface layers. However, under corrosion-fatigue conditions, the 
strength of unclad sheet may fall well below that of the clad alloy. 6 
In general, the 2xxx series alloys have a lower fracture toughness than those of the 
7xxx series attributed to the larger sizes of intermetallic compounds. This can be 
reduced by lowering the levels of iron and silicon impurities as well as that of copper, 
all of which favour the formation of large, brittle compounds. 
2.1.3 Joining of Aerospace Aluminium Alloys 
As mentioned in the General Introduction, riveting is a well-established form of 
joining aircraft structures but does have its drawbacks. Welding can solve many of the 
problems associated with riveting and in certain applications can be an alterative 
method to adhesive bonding as a means of jointing aerospace materials. Historically 
there have been claims that the 2xxx and 7xxx aerospace alloys are 'unweldable' as 
these heat-treated alloys can suffer from solidification cracking. 6 Russian work claims 
successful weldability of these alloys with additions of scandium to the basic alloy 
composition. Where the scandium. induces a very fine grain size in the weld 
microstructure. The success, or otherwise, of such welding is highly dependent on the 
filler alloy used. 12 
The increasing drive to be able to weld aerospace alloys has encouraged 
developments in specialised tungsten inert gas (TIG) and metal inert gas (MIG) 
applications for welding the 2xxx and 7xxx alloys. 12 Laser welding has also 
developed using both C02 and Nd: YAG sources, due to their rapid, flexible and 
relatively low distortion processing properties. 12 Friction welding is another area of 
research 13 with conventional rotary friction welding, linear friction welding and 
friction stir welding being reported. 12 Of these, the friction stir welding has shown to 
be most successful when welding the 2xxx, 6xxx, and 7xxx aerospace alloys 
providing good tensile, bend and fatigue properties. 12 However, there are concerns for 
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friction stir welding of the 7075-T6 alloy and its susceptibility to inter-granular attack, 
especially in the hottest region of the weld zone. 13 
Owing to improvements in weld power supply, monitoring and control methods, 
welding is becoming an increasing viable proposition for aluminium alloy joining, 
with some aerospace applications already in service using variable polarity TIG 
welding on 2219 alloy in the construction of welded fuel tanks. 12 
Despite the apparent advantages of welding, this method does have its limitations in 
the jointing of materials, with most joining consisting of only seam welding. Another 
disadvantage being the inability of welding to join dissimilar materials. Owing to this 
and the highly specialised nature of this technology, with no widespread use or 
confidence yet being established for aerospace alloys, adhesive bonding remains most 
likely technology to be used for joining aluminium. 
2.1.4 Adhesive Bonding for Aerospace Applications 
Adhesive bonding of aircraft structures dates back to the 1920's with the development 
of wooden laminated fuselages, 14 although the true structural application of adhesives 
did not come about until 1943, with the wooden bonding of the DeHavilland 
Mosquito. 15 Modem substrate materials concerned with the bonding applications of 
aircraft structures now mainly concentrate with aluminium alloys 16 and composite 
materials. 
12,17 
For aerospace aluminium alloys, the adhesive materials used, fall into three groups: 16 
metal-to-metal hot cure, where either phenolic or epoxy resin systems are used; metal- 
to-metal honeycomb hot cure, where only epoxy systems tend to be used, and finally; 
metal-to-metal cold cure, where two-part epoxy systems are widely used. It is the 
metal-to-metal hot cure systems, which this investigation centres upon, specifically 
the epoxy systems. To understand why, the chronological relevance of phenolic and 
epoxies needs to be explained. 
10 
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2.1.4.1 Metal-to-metal hot cure applications 
Historically, the most important of the phenolic systems is Hexcel Composites', 
Redux 775.16 First used in 1945 for bonded assemblies of the DeHavilland Dove, in a 
liquid and powder system. The thermosetting liquid phenolic resin would be applied 
to both sides of the assembly to be bonded and then sprinkled with a thermoplastic 
powder, polyvinyl formal (PVFM), which acts as a toughening agent to the otherwise 
brittle phenolic adhesive. In 1962 the Redux 775 was redesigned into an unsupported 
film system and was first used on the DeHavilland 125 Business Jet. Another use of 
Redux 775 adhesive bonding was in the construction of panels for hovercrafts. 
Excellent performance in aggressive marine spray conditions has been demonstrated 
with this type of adhesive. 
Originally, surfaces were prepared for Redux 775 bonding, by degreasing and acid 
pickling. In 1962 CAA was incorporated into the pretreatment schedule to improve 
the overall corrosion protection. This proved highly successful as work carried out by 
Beevers has demonstrated. 18 In this work, a forensic study of aged pieces of a 
DeHavilland Comet structure, assembled using Redux 775 was carried out. It was 
concluded that the "Mechanical properties of the joints removed from old Comet 
bonded panels showed little or no evidence of loss of (mechanical strength) 
performance during their 30 year life" furthermore there was no measured loss of 
joint durability. 
Despite the well-proven durability of phenolic adhesives, the early 1960's saw the 
move from phenolic to epoxy systems for structural bonding. The epoxy systems 
demonstrated increased mechanical properties at ambient and operating service 
temperatures both in shear and peel strengths. However, even though both systems 
have good resistance to fluid immersion tests, the phenolics do perform better in high 
temperature, high humidity or warm (350C) wet aging tests, when compared to epoxy 
systems. This was observed in-service, with irregular disbonds occurring due to 
corrosion when epoxy systems where used in combination with Forest Products 
Laboratory (FPL) etching. As a result many aircraft constructors lost confidence in 
structural adhesive bonding. 
11 
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Epoxy systems commonly used today in the aerospace industry include; l1excel 
Redux 308A, which is an unsupported film adhesive with spun rock wool added to 
control flow during curing and aluminium powder to increase toughness; Cytec FM73 
which can be either a supported or unsupported film adhesive using polyester knit 
t'abric scrim to control flow and glue line thickness during curing; 3M Co. AF163-2 
which is a film adhesive supported with nylon scrim. The later two adhesive systems 
require the application of Cytec's BR 127 chromated epoxy-phenolic primer. 16 
2.1.4.2 Honeycomb applications 
Metal-to-metal honeycomb applications, as shown in figure 2.3, tend to use epoxy 
systems as these adhesives form very mobile liquids as they reach the cure 
temperature and so allow the adhesive to pull back from the honeycomb cell centres 
and form a large fillet at the cell wall to the skin intcriace giving a stronger bond. 
Fxamples of these are Ilexcel Redux 308 and 3M Co. AF3109-24, which are both 
unsupported epoxy filins with no flow modifiers. " 
ýI 
A, 11, 
f ace heo ýI1 %0- - 
ka 
Panel 
Figure 23 Bonded Sandwich Assembly Uving Honeycomb Core 21 
2.1.4.3 Reasons behind Epoxy system failLires 
In contrast to British Aerospace's (BAe) use of Redux, which was only applied to 
bare alummium surfaces, the main European and USA contractors routinely applied 
their epoxy hot cure adhesives to both bare and clad alloys. The presence ol'cladding 
risks corrosion from the edges along the clad layer at the bondlinc and this may have 
been a causal factor in disbond failures experienced with early epoxy bonded 
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structures, with the inefficient FPL etch pretreatment. This action is a result of the 
cladding itself having a higher anodic potential than the base alloy. In this case, the 
unbonded surface acts as a sacrificial layer when exposed to a corrosive environment 
to protect the base alloy from pitting. Figure 2.1 illustrates this undercutting or 
delarnination effect while figure 2.2 shows the differences in pitting for clad verses 
bare alloys. For adhesively bonded structures this corrosion mechanism is highly 
detrimental to the interface of ajoint. 
CLAD LAYEII 
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ALLIMINHIM 
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COMIOIIED AM 
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LAYER 
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Figure ZI Corrosive delamination of clad alloy in a bonded system 19 
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Figure Z2 Pittingfor bare verses clad alloys in a corrosive environment 19 
It was concluded that, to avoid disbonding using epoxy systems, aluminium structures 
were required to be anodised and coated with a chromated epoxy/phenolic primer. 
With the result that the later epoxy systems, combined with CAA have now 
experienced aircraft service for over 20 years without major corrosion or bonding 
issues. 16 
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Studies by Boeing have found that the majority of in-service disbonds with epoxy 
bonded joints have occurred at the adhesive/adherend interface. Very rarely were 
cohesive failures of a joint found, except where a disbond began at the 
adhesive/adherend interface and the remaining bond was insufficient to withstand the 
applied load . 
20 The in-service studies of bonded joints carried out by Boeing for epoxy 
systems concluded that in the majority of cases, disbond was initiated by mechanical 
fracture of the oxide. It was thought that hydration of the oxide could have occurred 
through environmental exposure, producing a friable internal weak boundary layer. 
Fracture was then followed by corrosion of the exposed metal surface. Additionally, it 
was concluded that the variable behaviour in service was the result of the variability 
in the oxides produced by the surface preparation steps. Therefore, control of the 
surface preparation was the key to enhanced in-service environmental durability. 20 
In summary, the engineering aspects of aircraft structural design demand superior 
performance of both the substrates and adhesives used. This is where the 2024-T3 and 
7075-T6 alloys, coupled with the use of modem epoxy adhesive systems have found 
widespread use in aerospace applications. These are the materials specifically studied 
in this investigation. However, effectiveness of such bonded systems are heavily 
dependant on the surface pretreatments carried out prior to bonding in order to 
achieve good bond durability, these will be discussed in Section 2.4. 
2.2 Fundamentals of Adhesion 
To be able to fully understand adhesive bonding the basic mechanisms of adhesion 
firstly need to be recognized and are reviewed in the following section. There exists a 
wide range of literature concerned with aspects of adhesive bonding in general. 19,22-25 
The study of all types of bonding is beyond the scope of this review. Instead the main 
theories are given with relevance to surface pretreatments prior to structural adhesive 
bonding of alurninium, alloys. 
2.2.1 Theories of Adhesion 
Mechanical interlocking - this theory assumes that an adhesive enters into the 
cavities, pores and irregularities of a solid surface, prior to hardening. On curing it 
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effectively anchors itself, creating mechanical interlocking or keying to the surface. 
This purely mechanical model does not easily explain the ageing behaviour of 
adhesive joints or that of the adhesion of smooth surfaces. Kinloch et a P2 reviews a 
number of investigations by various workers with regards to the effects of mechanical 
interlocking, suggesting that the measured joint strength is a multiple of the combined 
mechanical interlocking together with the interfacial chemical components (see 
Adsorption Theory) of the substrate and adhesive. Many studies have investigated the 
effects of fibres from the substrate penetrating into the adhesive, providing evidence 
that the greater the penetration the greater the total shear strength of a bonded joint. 
An observation of this effect was that the energy is dissipated viscoelastically and 
plastically into the high strained volume around the tip of the propagating failure 
crack and into the bulk of the joint. 
Diffusion theory - this theory, first proposed by Voyutskii and reviewed in a number 
of papers, 22-24,26 is based upon the assumption that substrates such as polymers are 
mutually soluble, and the polymer chains have sufficient mobility for an inter- 
diffusion of the polymer chains across the interface. Where this theory would be of 
relevance to the present study is the diffusion of the adhesive molecules into the 
primer, if present. 
Adsorption theory - probably the most widely accepted, at present. 
15,19,23,24 Advocates 
of this theory propose that an adhesive will adhere to a substrate due to interatomic 
and intermolecular forces established at the interface. This is provided sufficient 
intimate molecular contact is achieved, see Section 2.2.2. These forces are referred to 
as either primary or secondary type bonds, relative to the bond strengths produced. 
Chemical bonds or chernisorption involves the formation of strong ionic, covalent, 
and metallic bonds across the interface and these make up some of the primary type 
bonds. Secondary bonds include: Van der Waals forces; hydrogen bonds, and; Lewis 
acid-base interactions. A list of the types of bonds possible and their associated bond 
energies is given in table 2.3 
Although the model of adsorption can explain most observations for adhesive joints, 
there can be some problem in describing the ageing phenomena of bonded joints if the 
types of chemical reactions on the surface are not known. 27 
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J, e _yp 
,B"9,9, d, eýergy, qq ,, Tqrý I E ý: - I"brium Length'ýnrn) q 
Ionic 590-1050 0.2-0.4 
Covalent 36-710 0.07-0.3 
Metalic 113-347 
Lewis acid-base interactions Up to 80 
Permanent dipole-dipole 
Interactions 4-20 
Dipole-induced dipole Less than 2 0.4 
Dispersion (London) forces 0.08-42 <1 
Other dipole-dipole 
(excluding hydrogen bonds) 4-21 
Hydrogen bonds involving 
fluorine Up to 42 
Hydrogen bonds excluding 
fluorine 10 26 
Table Z3 Bond types associated with adhesive bonding and their relative energies22 
In addition, Kinloch 22 has reviewed Huntsberger's work, who calculated the attractive 
forcc bctwecn two planar bulk phascs duc solcly to dispcrsion forccs and has shown 
that for a separation of one nanometre the attractive force would be approximately 
I OOMPa. This highlights a huge discrepancy between theoretical and experimental 
values, which has been attributed to air voids, cracks, defects or geometric features 
acting as stress raisers. 
Electronic theory - Deryaguin, 
22-24,26 has proposed an electronic theory of adhesion, 
in which electrostatic forces arise from electron transfer, of materials with different 
electron band structures, in order to equalise the Fermi levels. The adhesive/substrate 
system is thought of, as a charged capacitor with a double layer of electrical charge at 
the interface, separation leads to an increase in potential difference and it is thought 
that the existence of these attractive forces attributes to the forces of adhesion. 
Reviews 22 on this theory have highlighted a great deal of work, which contradicts the 
theory and questions whether or not these forces exist at all. Most of these studies 
only consider the bulk electronic properties of the material. For aluminium, which in 
itself is covered by an insulating oxide, that will have its own electronic state, this 
may influence electron transfer and so the electronic theory cannot be totally ignored. 
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2.2.2 Thermodynamics of Adhesion 
A thermodynamic approach to adhesion, which relates to the Adsorption Theory as 
previously discussed, is to consider the work of adhesion, WA required to separate a 
unit area of two phases forming an interface. This can be related to the surface free 
energies by the Dupr6 equation as follows: 
WA =, Vx + ry - ny (1) 
Where y,, and -1y are the surface free energies of the two phases and y,, y is the 
interfacial free energy. It should be noted that this equation does not take into 
consideration chemisorption, interdiffusion or mechanical interlocking and it is a 
reversible work of adhesion. 28 
For thermodynamic stability of an interface the work of adhesion, has a large positive 
value. When the interface is in contact with a liquid, the thermodynamic work of 
adhesion may become negative, indicating an unstable interface and an increased 
likelihood of separation. It is this theory, which has been suggested as one of the key 
factors in explaining why the locus of failure of bonded joints changes from apparent 
cohesive failure, in the adhesive, to an interfacial failure, between the adhesive and 
the substrate, when subjected to warm wet conditions. 28 
In summary, it is apparent that there is no unique, universal theory, which can explain 
all aspects of interfacial adhesion. This is mainly due to the diversity of materials and 
bonding conditions that exist. However, a combination of chemical, mechanical and 
diffusion theories are all thought to be relevant for the interactions of molecules into 
porous oxides and the primer/adhesive interface, so these are of interest to this study, 
particularly when considering bonding to anodic oxide on aluminium. 
What is clear, is that the adhesive must either absorb or displace any contamination on 
the surface to be bonded. Contamination has been shown to have a detrimental effect 
on adhesive bonding either by reducing the surface free energy and restricting the 
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availability for chemical interactions or by filling micro-fine structures, which 
hampers the possibility of any mechanical interlocking. 41 
It is also of paramount importance that the adhesive fully wets the surface, displacing 
any trapped air. For this to occur a near zero contact angle is desirable. A distinction 
can be made between high and low surface free energies. Organic compounds, such as 
polymers and silicone are of low-energies, being less than I 00mJ. m-2. Metals, metal 
oxides and ceramics are of a high-energy group, with surface free energies being 
greater than 500mJ. m72. A detailed review of surface and interfacial free energies and 
how they relate to adhesion can be found by Kinloch et al. 22 
2.3 Surface Analytical Techniques Used in the Study of Adhesive Bonding 
This section describes the main surface analytical techniques used to study adhesive 
bonding and highlights their usefulness in this field. There is no single surface 
characterisation technique, which can provide a complete chemical or physical 
description from both the surface and near-surface of a material. As any one technique 
may be limited by a number of factors, for example; the range of elements that can be 
detected, its sensitivity to certain elements, the ability to give quantitative data or 
compound information and also the techniques' spatial or lateral resolution. 30 The 
techniques described, have been used extensively in the present study. 
2.3.1 Scanning Electron Microscopy (SEM) 
Standard SEM uses an electron gun located at the top of an evacuated column, there is 
a series of magnetic lenses, called the condensing and objective lenses which are 
designed to focus the electrons into a very fine beam. Also at the bottom of the 
column is a search coil, used to raster the electron beam over the surface of the 
sample. As the beam hits the surface, secondary electrons are emitted which are 
collected by the detector, amplified and sent to the viewing monitor to produce a 
magnified image. Typical accelerating voltages of 5 to 20kV are used in SEM. In 
addition, SEM instruments are often equipped with an energy dispersive spectrometer 
(EDS) in order to collect chemical infort-nation from the surface by measuring the 
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energy or wavelength and intensity distribution of the X-ray signal generated by the 
focused electron beam on the specimen. 
Care has to be taken when studying anodic oxides using SEM due to their natural 
insulating nature and the effects of charging. Magnifications up to 20,000x can be 
achieved using standard SEM with no sample preparation, i. e. gold sputter coating to 
reduce charging. Even when sputtering gold on the surtlace this can alter the oxide 
morphology by producing too thick a conducting layer. A gold Sputter ofunder 9V 11or 
30 seconds has been shown not to alter the surface morphology, however, this will all 
depend on the efficiency ofthe apparatus used I'or sputtering. 31 
Advances in cold field emission gun scanning electron microscopy (FEGSEM) has 
created a new tool in the study of' anodic oxides in terms of' the resolution of' nano- 
sized pore structures and in pore penetration studies. This comes about Crom the high- 
resolution secondary electron and back-scattered electron images that tile FFGSFM 
can offer at low vacuum. In traditional SFM's, the electron bcarn is flormcd by heating 
a tungsten, figure 2.4a or lanthanum hexaboride (l, ali(, ) filament, until electrons are 
(Jected from the surface. The lateral resolution produced by such a source wits limited 
by the geometry ofthe filarnent, and set the limit to the resolving power ol'traditional 
SFM instruments. A field emission source produces electrons by applying a high 
voltage to a very sharp point, figure 2.4b, extracting the electrons directly, and only 
Crom the point. The coherence and very small diameter of' this source increases tile 
useftil magnification of' the SEM by a Cactor of' tell. Also as lower voltages call be 
used to resolve higher magnifications this call reduce surlacc charging et'llects. 
Figure 2.4SEM image qf(a) lungsien hairpin elec-fron gun, and (h). field emis. vion 
gun, (3 10) single oysial wire lip welded lo a ningslen wire 
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In a number of studies carried out using this technique, electron energy-loss 
spectroscopy (EELS) has been combined to gain more detailed chemical state 
information. 32 
2.3.2 Transmission Electron Microscopy (TEM) 
For this technique, very thin samples are required. This can make sample preparation 
very difficult. TEM's work in much the same way as slide projectors, instead of light 
they use electrons, which are transmitted through the sample and projected onto a 
phosphor screen. The acceleration voltage is between 50 and 150 M The higher the 
electron energy, the shorter its wavelength and the higher is the power of resolution. 
The power of resolution of electron microscopy is usually restrained by the quality of 
the lens-systems. 
Tbompson and co-workers have widely studied the development, structure and 
kinetics of anodic oxides with the use of TEM, 33-36 the results of which will be 
discussed in later sections. 
Scanning transmission electron microscopy (STEM) has been developed from TEM 
and works by focusing a fine beam onto the surface of a sample and then scanning it 
in a rectangular raster. 
2.3.3 Auger Electron Spectroscopy (AES) 
In Auger electron spectroscopy (AES), the sample is irradiated by a focused, 
monoenergetic electron beam with an incident energy typically in the range lkeV to 
l0keV. If sufficiently energetic, an electron will create a vacancy in a core level 
electron shell by the emission of a secondary electron from within an atom in the 
sample surface, figure 2.5. One method by which the excited atom can relax is via the 
Auger process. The Auger process leads to the emission of another electron (the 
Auger electron) from the surface. The electrons emitted from the surface are detected 
using an electron energy analyser to provide an electron energy distribution (or 
spectrum) containing secondary and elastically backscattered electrons along with the 
Auger electrons. 
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The energy of a particular Auger electron depends upon the energy levels of the atom 
from which it was emitted according to the following equation: 37 
": E E, KLI, L2,3 _' k -ELI - 
EL2,3 (2) 
Where EKLI, L2,3 is the energy of the Auger electron emmited, Ek and ELI are the 
binding energies of the respective atomic levels and EL2,3 is the binding energy of an 
electron in the L2,3 shell given a vacancy in the Ll shell. The individual values of the 
energy levels are a function of the nuclear charge on a particular atom and as such the 
energy of the Auger electron is also dependent on this value. 
Auger electron emitted 
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37 Figure 2.5 Energy level diagram showing the emission ofa Auger electron 
By measuring the energy at which a particular Auger line occurs it is possible to 
determine the atom from which it originated. By considering all of the peaks in the 
spectrum it is thereby possible to identify, qualitatively, all of the elements present in 
the surface with the exception of H and He, as these elements do not have sufficient 
electrons to undergo the Auger process. 
Quantification may be achieved from first principles. However, relative sensitivity 
factors (RSFs) based upon known reference materials are most commonly used to 
quantify AES data. The Auger electrons have energies mostly in the range 40 to 
~2500eV. Electrons of this energy have attenuation lengths of the order of a few 
atomic layers. This limits the sampling depth of the technique. In some instances, 
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rather than just elemental information, additional compound information is available 
from AES data. Peak shifts, which may be of the order of 10 to 15eV, enable different 
oxidation states of an element to be identified. 
There are, however, limitations in the range of materials suitable for AES analysis. 
For example insulating materials can suffer sample charging as a result of their 
interaction with the incident electron beam. Although flat glasses and ceramics can be 
successfully analysed, only limited information is generally available from non- 
smooth, insulating materials. In such cases the experimental conditions need to be 
optimised to minimise charging problems, invariably, this is at the expense of limiting 
elemental range or sensitivity. 
In-depth information can be obtained by combining AES with inert ion-bombardment. 
This method is commonly used to probe the topmost I or 2 micrometers of a sample. 
By rastering the focused electron beam across a sample and detecting the Auger 
electrons from a particular transition, surface chemical maps can be acquired which 
illustrate the lateral distribution of the chosen element. 
To generalise, AES can provide both qualitative and quantitative information from a 
solid surface with good lateral and depth resolution. Under normal experimental 
conditions, elemental range is from Li to U with detection limits of 0.1 to I atom% 
depending upon materials. Only limited (if any) information can be obtained from 
rough, insulating samples. Depth profiling can successfully be carried out to depths of 
tens of microns. Chemical mapping is also possible. 
Studies29 using AES combined with STEM of anodised film has highlighted the 
problems associated with depth profiling porous anodic oxides and how this can affect 
the calibration of the depth scale. Also the micro-roughness causes a broadening of 
the metal-oxide interface and oxide chemistry can be altered as a result of electron- 
beam exposure or ion impact. 
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2.3.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS is an additional tool for the quantitative analysis of solid surfaces. It is of 
particular use when studying changes of chemical state of near-surface atoms and in 
the identification of surface composition or surface contaminants. 
In XPS an X-ray flux is used to excite electrons from the sample surface according to 
the scheme illustrated in figure 2.6. The most commonly used X-ray source is a twin 
magnesium-aluminium anode, which produces both types of X-ray radiation. 
Monochromated X-ray sources can be used to provide improved signal-to-noise over 
conventional sources and reduce heating effects. 
X-ray photoelectron enlitted Wth energy 
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37 Figure 2.6 Energy level diagramforphotoelectron 
If a non-monochromated sources is used, as in the present study, the X-ray induced 
spectrum contains a contribution to the background from the Bremsstrahlung radiation 
and minor peaks from secondary X-ray lines emitted from the source. These features 
do not appear in the XPS spectrum if a monchromated X-ray source is used. The 
electron energy distribution is, in most instances, obtained using a concentric 
hemispherical analyser (CHA). More advanced electron optics can be used to permit 
XPS imaging. 
Generally, instruments can be operated in one of two modes: in a broad scan (or 
survey) spectrum, electrons are detected from a wide energy range, typically 0 to 
-1250eV. This information provides surface elemental identification. All elements in 
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the range of Li to U have at least one XPS peak within this energy range. It is worth 
noting that X-ray induced electrons have similar energy to those observed in AES, for 
this reason both techniques have similar sampling depths. 
X-ray induced photoelectrons from elements have a kinetic energy E,, KE, determined 
by the following equation: 
E. KE=hv-EB-eo 
where hv, is the energy of the incident photons, which is known, (the aluminium K. 1 
line has an energy of 1486.6eV), EB is the binding energy of the electron in its orbital 
and eo is a constant term, defined as the work function of the spectrometer. EB is the 
diagnostic parameter allowing for elemental identification to be made by reference to 
data compilations in the literature. 
Quantification is achieved by the use of RSFs. These may be theoretically or 
experimentally derived and allow surface compositions to be determined, usually 
expressed in atom percent terms. The detection limits for most elements in XPS are in 
the range -0.1 to 1%, comparable to that of AES. 
The precise value of EB for any given element is also dependant upon its chemical 
environment. More intimate chemical information can be determined by accurately 
measuring the discrete chemical shifts caused by localised electron-electron 
interactions. This high-resolution mode is therefore the other method of operating the 
XPS spectrometer. To obtain this information the energy resolution of the 
spectrometer is increased by decreasing the pass energy of the CHA. Curve fitting or 
peak deconvolution are commonly carried out on high energy resolved data to identify 
the relative amounts of different compounds of an elemental peak. XPS can also be 
used in conjunction with inert-ion bombardment, in the same way as AES, to obtain 
in-depth information. 
In summary, XPS shares many of the features of AES in terms of its surface 
sensitivity and detection limits. It does not, in general, posses the same degree of 
lateral resolution as AES, but does have a number of advantages. Firstly the 
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experimental databases exist to be able to make reliable assignments of chemical 
shifts data. Secondly, additional information can be obtained in the XPS spectrum. 
Thirdly, the range of materials, which can be analysed by XPS is more extensive than 
that of AES. Finally, the effects of beam damage are generally less severe with XPS 
than with AES. 
A review of how XPS, together with AES and static secondary ion mass 
spectroscopy, SSIMS can help in the understanding of both surface chemistry 
modifications of pretreatments and modes of failure is given by Brewis and Critchlow 
et al. 29 It also highlights how the use of these techniques has furthered the 
understanding of anodic films, especially in the deterioration mechanism of oxide 
after exposure to the atmosphere. 
2.3.4.1 XPS in the assessment of aluminium oxides 
Work carried out by various institutes and reported by Olefjord et aP8 to assess the 
reproducibility of reference samples of aluminium. oxide, A1203 thin films have found 
the binding energies of the metal states as 73.0 ± 0.1 eV for Al 2p and 118.0 ± 0.2 eV 
for the Al 2s peaks. The chemical shifts were 2.8 ± 0.1 eV for Al 2p and 2.5 ± 0.1 eV 
for the Al 2s Peaks. 38 Later work39 studying the hydration of A1203 and the 
decomposition of bayerite AI(OH)3 in a vacuum has shown that AI(OH)3 is not stable 
in an ultrahigh vacuum and that aluminium. oxide A1203 is formed on the surface of 
Al(OH)3 by decomposition of the hydroxide according to the following reaction: 
2AI(OH)3 (s) --* A1203 (S) + 3H20 (9) 
The above may explain why workers, Digby and Packharn et aeo have shown, using 
XPS, that for a variety of surface pretreatments the anodic oxides produced by these 
pretreatments exhibit no dramatic differences in chemical composition. With the ratio 
of oxygen to aluminium being consistent with A1203- 
In insulating systems, where the peak positions are altered by surface charge 
accumulation, the binding energy of the C Is peak (285.0 eV) from hydrocarbon is 
commonly used to charge correct spectra from different samples. However, for air- 
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formed films on aluminium, there is evidence that this correction is not appropriate 
because of a shift in the Al 2p., and 0 Is peaks independent of the C Is peak. As a 
result, workers have attempted to characterise the oxide/hydroxide surface of 
aluminium using a procedure of curve fitting of the 01s peak. 41 
In much the same way, it has been noted that for mixed oxides containing alumina the 
standard method for charge referencing, assigning the C Is peak, can be difficult. 
Again the authors proposed the use of the simpler 0 Is peak for charge referencing of 
mixed oxides and claimed this peak assists in the more detailed identification of 
surface species. 42 
Due to the uncertainty in statistical curve fitting techniques used in the identification 
of the Al 2p spectrum, i. e. two or more different answers with the same value of fit, )? 
can be achieved, the oxidation states of aluminium have been studied by Do et d3 
using a three-dimensional XPS matrix and analysed using a parallel factor analysis 
based on the variation of peak components as a function of both oxidation time and 
pressure. As a result, a higher degree of confidence in the analysis can be gained. Do, 
proposed the formation of a number of non-stoichiometry compounds in the early 
stages of oxidation formation as a result of exposure to water vapour and varying 
pressures. 43 A third component of the At 2p spectrum was identified at a binding 
energy of 72.4 eV for aluminium hydride, by investigating this peak as a function of 
water vapour exposure time it was suggested that this aluminium hydride is formed at 
the metal/oxide interface. In the same study Do reported binding energies for metallic 
and oxidic peaks as 72.87 ± 0.05 eV and 75.80 ± 0.05 eV, with good agreement to the 
results by Olefjord, as previously mentioned. 
2.3.5 Additional Techniques 
The techniques discussed so far, have only taken into account a small percentage of 
the surface techniques that are available to the analyst, in order to gather a full 
understanding, as discussed previously. Below are a number of additional techniques 
that have found use in the study of adhesion. 
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Infra-red (M) techniques - the principle of this technique is to shine a range of infra- 
red frequencies at a sample, and by studying the percentage of spectra absorbed or 
transmitted it is possible to determine chemical information such as bond structures 
and hydration states. There are three techniques for obtaining IR spectra of surfaces. 
Attenuation total reflectance (ATR) technique, which cannot be used on rigid, uneven 
surfaces. Single or multiple reflection, which can cause interference if used on thick 
layers, e. g. if anodised layers are investigated. Third is diffuse reflectance, which is 
normally combined with Fourier Transform infrared (DRIFT). 
Atomic force microscopy (AFAV - studies the surface topography by rastering a 
silicon probe or more recently carbon nanotubes44over the surface and measuring the 
deflection of the tip. There are a number of different modes in which AFM can be 
operated, i. e. tapping, lateral force, scanning tunnelling, contact, and non-contact 
modes such as constant force or constant distance. All of which have their own, 
individual advantages and disadvantages. 
Eddy current analysis - this is a non-destructive technique, which makes use of high 
frequency current principles through a search coil that is dependant on the distance of 
the coil from a conducting surface. Oxides are insulating compared with the highly 
conductive substrate. This technique can use this property difference to determine the 
oxide thickness produced by various anodising conditions. Sample foils of known 
thicknesses and untreated substrates are used to calibrate eddy current meters. Care 
has to be taken in the selection of calibration substrates, as these need to be of the 
same material composition and geometric size as that of the test specimens. 
X-ray diffr"tion (XRD) - is used for the identification of crystalline structures. 
When X-rays are incident at a certain angle on a surface they can constructively 
interfere producing a diffraction beam, by varying the angle a diffraction pattern can 
be produced. Applying the Bragg's law equation, nA=2dsinO, where X is the 
wavelength of the incident X-rays, n is an integer, d is the d-spacing or interatomic 
spacing and 0 is the angle of incidence, to a diffraction pattern, it is possible to 
calculate the d-spacing. When comparing these results to known reference data it is 
then possible to identify the crystalline structure of the sample and this can be used to 
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study the stoichiometry of various crystal structures. The use of low angle XRD 
makes it possible to study very thin outer-most layers of substrates. 
2.4 Surface Pretreatments Prior to Adhesive Bonding 
A general overview of surface pretreatments is given in this section. This is followed 
by details of anodising particularly applied to the aerospace industry and later an in- 
depth review of the multi-stage procedure associated with this process. 
As indicated in sub-section 2.1.4.1 it has been found that the surface pretreatment 
prior to bonding is of key importance. This is the case when considering both initial 
levels of adhesion and also when joints are exposed to wet durability conditions . 
45 It 
has long been suggested that there lies a relationship between surface morphology and 
bondability. 46For example Fokker, as reviewed by Kinloch '28 attributed good 
joint 
strength in peel testing, to the surface structure and morphology needing to be of a 
fine etchpit structure within a coarser structure of etchpits. Other workers have 
considered the effects of mechanical interlocking via primer and adhesive penetration, 
in addition to chemical interactions, for various surface treatments and the influence 
of these factors on the bond durability. 28,47 
2.4.1 Adhesive Bonding for Non-metal Aerospace Applications 
Although the majority of the following sections will concentrate on the pretreatments 
for metal-to-metal adhesive bonding within aerospace applications it should be 
pointed out that adhesive bonding systems can be applied to fibre-reinforced polymer 
composite materials such as glass or carbon fibre-reinforced epoxy and glass- 
reinforced polyester, both thermosetting composites, and thermoplastic composites 
such as carbon-reinforced polyetheretherketone (PEEK) and glass-reinforced 
polypropylene. Some of the problems associated with composite materials are their 
smooth moulded surface, possessing relatively low surface free energies and of 
significant importance, surface contaminants including silicones from release agents, 
As with metal substrates a wide variety of surface treatments have been developed to 
improve the bond strengths of composite materials which have been reviewed by 
Wingfield et al. 17 These have found their own field of research, which has branched 
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off from the study of pretreatments prior to metal bonding. For thermoplastic polymer 
composites pretreatments include laser, corona and plasma treatmentS. 45 In addition, 
for the use of composites a peel ply is usually incorporated into the material. 
2.4.2 Surface Pretreatments Relating to Adhesive Bonding of Aluminiurn 
There exists a considerable number of cleaning and surface treatment processes which 
can be applied to aluminiuM. 48,49 This section details these surface treatments 
specifically for pre-bond applications of aluminium and it's alloys. 
Critchlow and Brewi? have carried out a full review of the surface pretreatments to 
bonding of aluminium. In summary, pre-bond surface treatments can be split into four 
i 
'49a broad list of such main types: mechanical, chemical, electrochemical, and others 
surface treatments include: grit-blasting, abrasives polishing, degreasing (e. g. vapour, 
emulsion, detergent), etching, pickling, stripping, activating, phosphating, 
chromating, passivating, electro-cleaning, anodising, corona discharge and laser 
ablation. 
2.4.2.1 Mechanical treatments 
These include degreasers and abrasives. The intention is to remove oils and friable 
material, in addition to increasing the surface area. However, mechanical treatments 
have been reported to be detrimental to bonding as residual debris and mechanical 
damage can occur .3 
47Mechanical pretreatment by blasting using alumina grit or glass 
beads change the topography and chemical state of an aluminium adherend and when 
used in conjunction with epoxy adhesives, different network structures have been seen 
to evolve in these types of jointS. 50 Excessive abrasion can cause folding of the 
surface leading to trapped moisture, which evaporates during heat curing of 
adhesives, leading to voiding in the adhesive layer. 51 
One requirement for grit-blasting is that the abrasive must cut the surface, not punch 
it. Thus abrasives such as glass beads, walnut husks, sand and steel shot are not 
suited. Aluminium oxide powder and even zircoma have been found to be more 
effective. " It is also important that the abrasive powder is not excessively recycled to 
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prevent re-contamination of exposed surfaces. Compressed air has been reported to be 
unsuitable, due to the oil and water content, furthermore, it has been suggested that, 
ideally, the grit should be delivered in a dry inert gas stream. 51 
2.4.2.2 Chemical treatments 
For aluminium alloys, these include etchants and conversion coatings. The use of 
etchants will be reviewed in Section 2.4.4. 
Conversion coatings either alter the existing natural oxide to a more stable oxide, 
often with the enhanced adhesion of finishes, such as paints or lacquers and promote 
the corrosion resistance of the coating or deposit a protective and/or decorative 
coating on the surface of aluminium metal surfaces; examples of these include 
phosphating, chromating, and metal colouring. 
Chromate conversion coatings are applied on various metals by chemical or 
electrochemical treatments. When the metal is immersed in a solution containing 
hexavalent chromium and other compounds, it reacts to form a layer consisting of a 
complex mixture of chromium compounds. There also exists a large number of non- 
chromated conversion coatings which have been developed to meet the need for 
alternative chromated pretreatments to bonding, these will be reviewed in Section 
2.5.2.2. 
2.4.2.3 Other treatments 
Plasma surface treatments using oxygen and argon have been used in the effective 
surface modification of polymer composite material for enhancing the bond strength 
of aluminium and titanium alloys in the aerospace industry. These treatments have 
shown an increase in surface free energy, thought to be as a result of either the 
rotation of surface polar groups, the migration of low molecular weight fragments to 
the bulk or the release of low molecular weight oxidised material. With the need for 
optimisation these treatments can produce a significant increase in bond strength. 52 
30 
Chavter 2- Literature Review K. Yendall 
The concept of coupling agents for adhesively bonded joints is that one end of the 
long-chain polymer in the coupling agent forms a covalent bond with the surface 
oxide and hydroxides on the aluminium while the other end links with the adhesive 
during cure. 15 In this way the polymer effectively couples the adhesive and the 
surface. When properly performed, the use of coupling agents can provide bonds with 
a durability approaching that of the best known anodising processes .51 These 
treatments have found use for alternatives to chromated surface treatments and the 
current research into these will be reviewed in Section 2.5.2.1. 
2.4.3 Anodising for Aerospace Applications 
The main anodising processes used in the aerospace industry include: chromic acid 
anodising (CAA), sulphuric acid anodising (SAA), phosphoric acid anodising (PAA), 
and oxalic acid anodising. All of which are operated using a DC power supply. 
Patented in 1927, standard SAA produces a very thick anodic oxide with good wear 
and corrosion resistance but suffers from very poor fatigue performance. It is a 
relatively benign solution in terms of usage and disposal. Sulphuric acid is very 
sensitive to variations in electrolyte temperatures and as such can be used as a 
pretreatment to paint adhesion or by varying the processing parameters is equally 
suited to hard anodising. Sealing normally takes place with the use of boiling water or 
steam. 
Oxalic acid anodising was first developed in Japan and then later in Western Europe. 
It is mainly used today in hard anodising applications. The solution is more expensive 
than that of sulphuric acid processes, as too is the power consumption required for 
anodising. However it is capable of producing thick oxides up to 60pm. 
CAA, patented in 1923, is the benchmark in terms of bond durability and corrosion 
protection. CAA and PAA treatments have been well documented to perform better in 
durability testing when compared to etching systems, such as the chromic-sulphuric 
acid (CSA) or Forest Products Laboratory (FPL) etch. 31,53 I-Estorically, etchants were 
used as stand-alone surface pretreatments prior to bonding, as previously mentioned, 
but with the advent of epoxy systems these treatments were combined with anodising 
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to achieve greater performance. As a result etchants will be covered as part of the 
multi-stage process of anodising in Section 2.4.4. 
It was concluded by Boeing that due to the unpredictability of FPL in a minority of 
disbonds, that this surface treatment was unsatisfactory for primary structural 
applications and is only acceptable for secondary bonded structures. As a result the 
enhancement of PAA was developed. It had a number of advantages over FPL, in that 
bath chemistry was relatively simple, anodising was operated at room temperature, 
and moderately tolerant to bath contamination and rinse delay times. It was also found 
that the variation in failures in test data, evident for the FPL was not present for PAA 
bonded jointS. 20 After a successful characterisation and evaluation of the PAA process 
it was put into production in 1974 and is now the standard process for 
Boeing/American contractors for structural adhesive bonding. This is unlike their 
European counterparts who favour the CAA process, which has been shown to be 
superior to that of PAA in a corrosive environment for bond durability, due to the 
relatively thin anodic oxide produced by the PAA. 53 In addition, CAA treated surfaces 
have twice the anodising throwing power and higher peel strengths to that of PAA- 
treated surfaces. 31 Of course, with the environmental issues associated with CAA this 
has lead to it being much less popular than PAA in America. However, the original 
PAA process does still make use of the FPL etch, which is in itself a chromated 
deoxidising process. This will be discussed further in Section 2.4.4.3 with a later 
section covering the full alternatives to Cr6 surface treatments. 
Davis et a e4 has used NPS, XRD and TEM to study the decomposition mechanism of 
PAA oxide surfaces in an attempt to understand failure mechanisms of bonded joints. 
After exposure to 100% RH at 60T a complete coverage of a hydration product was 
observed. From this the following decomposition mechanism was proposed: 
AIP04 -> A1203 -> AIOOH -> AI(OH)3 (5) 
With the phosphate component in the PAA oxide being considered to inhibit the 
initial stage of the process. Venables et al introduced the concept that both the FPL 
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and PAA possess whisker-like protrusions extending outwards from the oxide surface, 
figure 2.7. This has been confirmed by various workers. 40 
-1 
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Figure Z7 Schematic ofphosphoric acid anodised surface oxide 20 
Unlike other oxides such as CAA, SAA and Oxalic acid anodising the oxide of PAA 
will not hydrate or "seal , 55 
In cross section the oxide films formed by the CSA etch, CAA and PAA treatments 
consist of two distinct regions, namely a thin and dense barrier layer located at the 
oxide-metal interface, which is generally attributed to the corrosion resistance by 
protecting the underlying reactive metal, and a thick porous layer situated on the top 
of the barrier layer which is thought to provide excellent mechanical interlocking sites 
with the adhesive. TEM observations of the oxide layers reveal the following features: 
oxide thicknesses of 50nm (CSA), 600run (PAA), and 2000-6000nm (CAA); pore 
diameters of 10nm (CSA), 20nm (PAA) and 40nm (CAA); and barrier layer 
56 thicknesses of 5mn (CSA), 10nm (PAA) and 60nm (CAA). Although actual values 
do vary within the literature for the above measurements, be it real or theoretical, they 
do tend to agree within the same orders of magnitude. 20 
Less known acidic electrolytes include sulphamic and maleic acids, but unfavourable 
costs compared to SAA limit and restrict their use. Very little work has been carried 
out on alkaline electrolytes. Bogoyavlenskiy used sodium carbonate with resultant 
films that were claimed to have corrosion resistance comparable to SAA films. 
Another alkaline electrolyte studied was borate-containing solutions, with properties 
similar to SAA. But generally other alkaline baths resulted in low coating weights, 
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with additions to improve resistance to abrasion, alkali attack and pitting. Workers at 
UMIST have studied the anodic film growth of an alkaline borax solution 33 and 
chromic acid 57 in the hope of understanding the film growth mechanisms with a view 
to tailoring solutions for replacement of the currently used CAA. 
2.4.4 Multi-stage Pretreatments to Anodising 
Anodising is an electrolytic process, which makes use of the ability of amorphous 
alumina to develop a regular porous morphology, theories as to how this occurs, will 
be discussed in Section 2.6. It is usually complemented with a series of pretreatments. 
To achieve high-quality bond strengths and durability using conventional anodising 
these pretreatments are critical and are examined below. 
The aim of the pretreatments and anodising stages can be listed in three basic steps: 51 
1. Removal of surface contamination and so improve wettability 
2. Exposure of a fresh chemically active surface making the formation of 
secondary bonds possible 
3. Chemically modify the surface and surface structure to produce an 
interface resistant to hydration and suitable for mechanical interlocking 
"Cleaning7' preceding anodising can be divided into three main sections, degreasing, 
alkaline cleaning and deoxidising. 
2.4.4.1 Degreasing 
Degreasing is normally performed using a solvent rather than a detergent. Chemical 
treatments such as solvent cleaners do not tend to have any impact on the topography 
or chemical structure of the surface and only act to remove heavy soils that would 
normally be too much for many alkaline cleaners to cope with. 
The degreasing stage usually makes use of chlorinated solvents such as 
trichloroethylene, 1,1,1-trichloroethane, perchloroethylene, or dichloromethane 
chloride due to their high cleaning efficiency, especially in vapour degreasers. 
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Disadvantages to chlorinated solvents are that they can attack aluminium and the 
reactions can become violent with the formation of toxic vapours. Other solvents used 
at this stage, include butanone (methyl ethyl ketone - MEK), methanol, isobutanol, 
toluene, acetone, xylene and benzene. These solvents are of high flammability, and 
care has to be taken in their commercial use. 
In an attempt to remove wet processes which can be time consuming and have added 
hidden costs associated with the disposal of solutions, alternatives such as ultra-high 
vacuum and atmospheric pressure plasma cleaning have been developed for the initial 
stages of degreasing for the removal of organic contaminates, however, some of these 
techniques are only in their development stage and not widely available on a 
commercial scale. 58 
Aqueous cleaners that are used for degreasing use detergents, acids, and alkaline 
compounds rather than organic solvents. Detergents function by wetting the surface 
better than the contamination, thus displacing it from the surface. This means that the 
detergent will become a contaminant unless it can be removed from the surface, 
5 
remembering that water solubility of a detergent is not a guarantee of removal. I 
These cleaners are made up of builders, surfactants, inhibitors, and chelators. The 
builders are the basic ingredients of the cleaner. Common builders include sodium 
hydroxide, potassium hydroxide, and sodium silicates, all of which are alkalis. 
Surfactants or wetting agents are used to reduce the surface tension of the cleaning 
solution. Emulsifiers take oils into solution and keep them from re-contaminating the 
parts to be cleaned. Most surfactants are also emulsifiers. Aqueous cleaners work by 
breaking down the organic soils with builders and solubilizing them with emulsifiers. 
Inhibitors reduce the effect of highly alkaline or acidic cleaners on sensitive 
substrates. Inhibitors prevent oxidation of the parts after cleaning. Chromates and 
silicates are common pH inhibitors. Inhibitors can make rinsing more difficult and 
adversely affect subsequent treatments. Chelating agents are designed to keep the 
metal ions in solution. 
Semi-aqueous cleaners, also called less-toxic solvents, non-halogenated solvents, 
petroleum-based solvents or terpene solvents, can be dissolved in water or applied in a 
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concentrated form. Terpenes are hydrocarbons derived from wood or citrus fruits, 
usually orange or lemon peel oils. 
Ultrasonic cleaners use high frequency sound waves to improve the cleaning 
efficiency of aqueous or semi-aqueous cleaners. The sound waves create microscopic 
sound bubbles that implode when the sound wave moves and the zone changes from 
negative to positive pressure. This process can exert enormous pressure (approx 
10,000 psi) and temperatures that loosen the contaminants and actually scrub the 
surface. 
2.4.4.2 Alkaline cleaning 
Alkaline cleaning is used to remove gross contamination, especially organic materials 
such as protecting oils and machining lubricants 59,60 by solubilizing these 
contaminates. They are very closely linked to the aqueous cleaners in terms of their 
make-up, as previously mentioned. 
Although most alkaline cleaning solutions are of a propriety nature, for aluminium 
they mainly consist of mixtures of sodium hydroxide, sodium carbonate, trisodium 
phosphate, sodium pyrophosphate or sodium metasilicate with a pH range between 
pH 9 and pH 11. Inhibitors added, are used to reduce or eliminate any etching effects, 
but a fine balance has to be achieved in order to optimise the cleaning power of the 
alkaline solution without attacking the base metal. Common inhibitor compounds 
include silicates, chromates, phosphates. In the case of sodium hydroxide it is not 
possible to produce a non-etching cleaner but silicate inhibitors can be used to reduce 
the etching effects. 
With many alkaline solutions it is very important not to allow the solution to dry on 
the surface before rinsing, particularly if it is a silicated solution. Once dried many of 
the residues are difficult to remove and can cause selective etching in the subsequent 
acid deoxidising. 55 
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2.4.4.3 Acid etching 
The acid etch or more commonly called the "deoxidisee' is an important and 
necessary step. Its function is the removal of all unwanted oxides e. g. mill scales, 
weak native oxides, corrosion products and to keep dissolved metals such as copper, 
zinc and aluminium in solution. The result of the etch is to leave a thin, uniform oxide 
on the surface and in doing so remove all residual contamination that had not been 
removed by the previous cleaning steps. Etchants do require contact with the 
substrate, and their effectiveness is diminished if the surface is contaminated. 
Further criteria advantageous to have are; a uniform, predictable etch rate without 
significant inter-granular attack, similar to currently used chromated deoxidisers. Also 
they should be inexpensive to operate with a long bath life. 61 As a rule, an etchant 
should have a minimum etch rate of approx 0.5 gm/side/hour to remove thicker 
oxides effectively in a reasonable time frame, i. e. 10 to 15 min. 55 
As already mentioned the deoxidiser typically used in aerospace is the chromic- 
sulphuric acid etchant (CSA), also referred to as the Forest Products Laboratory (FPL) 
acid etch. It was found that this solution produced better results after extensive use 
when compared to a newly prepared solution. It is believed that heavy metals, such as 
copper, in the solution contribute towards producing a more desirable aluminium 
oxide due to a more noble mixed potential development between the aluminium and 
the solution containing copper ions. Thus aging or conditioning, defined as a change 
in solution chemistry resulting from the processing of aluminium alloy through the 
solution (thereby introducing ionic species e. g. A13+' Cu2), has a definite positive 
effect on bonding. To achieve this practically the 'optimised' FPL acid etch, has 
dissolved into it, 1.915 g/l of 2024 bare aluminium alloy. 
Parameters for the rinse stage can affect the performance of the FPL etch. Levels of 
fluoride in rinse water of the order of 200 ppm can have a detrimental effect on 
durability. McGarel et al" found better durability, rinsing in tap water than when 
using distilled water for SLS joints. Additionally, the pH of the rinse water has been 
63 
shown to affect bond strength in peel. Temperature of the rinse water affects the 
durability of bonded joints, with hot water rinsing having a detrimental effect, 
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compared to cold water soaking or de-ionised water spray. This is thought to be 
associated with the presence of divalent ions, in particular carbonate, which is 
speculated to have importance in the prevention of cohesively weak hydroxide 
surfaces forming during rinsing. 53 Further observations have shown that increasing 
delay times for rinsing, after acid etching in FPL solution has an effect, with times up 
to 3 minutes having a detrimental effect on bonded durability. 64 
Smith et al'5 has shown that the FPL develops a porous oxide structure as a result of 
anodic polarisation and the presence of Cuý' enhances the cathodic current, thus 
increasing the mixed potential and the anodic voltage. Further to this Pocius et a t6 
have proposed a model for the unoptimised FPL etch, in which copper is etched away 
at the bare edges of clad alloys and redeposits close to the edge of the material. There 
it forms micro-islands, which lead to porous oxide formation. Both joint testing and 
visual observations (halo effects) have been used to support this model. From a 
historical point of view this may be an explanation as to why some bonded structures 
showed such diverse in-service performance when using epoxy adhesives with the 
unaged FPL etch. 
Pocius et a166 have also proposed that the "optimised" FPL etch removes the mill 
oxide (suggested as MgO) and the resulting oxide from the process forms during the 
rinse cycle rather than during the acid pickling itself, the evidence for this comes from 
polarisation experiments carried out on 2024-T3 alloy in the "optimised" FPL etch 
solution. 
Other deoxidisers are used to a lesser extent but they tend to contain hexavalent 
chromium (Cf), fluorine or hydrofluoric acid, which are difficult to handle. 
2.5 Alternative Surface Pretreatments to Cr+6 Based Processes 
This section illustrates the need for alternatives to Cr +6 together with a review of the 
current chromate-free surface treatments under investigation, most of which have 
been covered, in general, in Section 2.4.2. In addition, specific anodising alternatives 
are reviewed, which includes the recent work and development involving with the 
BSAA process. 
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2.5.1 The Need for Alternative Cr +6 Surface Pretreatments 
The extensive use of Cr6 utilized in surface pretreatments is mainly due to its 
corrosion inhibiting properties. This is also true for treatments such as primers and 
sealing solutions, which all work well in their specific use. 
Increasing costs associated with the treatment and disposal of hexavalent chromium, 
due to the human exposure issue, has provided impetus for the search for replacement 
processes. The drive in research to find alternatives comes about from this and a 
number of other factors. The most immediate is legislation, i. e. the "End of Life 
Vehiclee' (ELV) and "Waste from Electrical and Electronic Equipment" (WEEE) 
directives. Although these do not directly affect the aerospace industry, indirectly they 
do have a knock-on effect. 
A more specific example of these directives includes the increasing controls on 
hexavalent chromium emissions from metal finishing operators, in America, by the 
Environmental Protection Agency (EPA), which in turn has prompted state and local 
governments to respond with regulations of their own. This has had a major influence 
on the aerospace industry, e. g. the South Coast Air Quality Management District 
agency or SCAQMD, who enforce rule 1169, which controls stringent chrome 
emissions into the atmosphere. Boeing Materials Technology, has studied this 
problem and two major directions have been pursued, the development of non- 
chromated anodising processes and forms of mist control from conventional CAA 
facilities. 5 67 
2.5.2 Alternative Surface Processes to Cr" in the Aerospace Industry 
The success and versatility of chromates in the field of adhesion have led to many 
studies into the mechanisms of its success and it is often used as the benchmark to 
which alternative treatments are to be compared. The theme of replicating similar 
processes to replace hexavalent chromium treatments runs throughout the length of 
this work and this section concentrates on the alternative surface pretreatments, which 
are available. Many workers have investigated the formation and anti-corrosion 
mechanisms of chromate conversion coatings with the objective of determining and 
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gaining a better understanding as to how these mechanisms work and so help develop 
non-chromated conversion coating with similar mechanisms. 
68-72 
The exact mechanisms that are responsible for the enhanced corrosion performance of 
chromate treated surfaces are not fully understood and this has hampered the search 
for alternative non-chromated pretreatments. Despite a great deal of debate the 
general consensus for chromate conversion coatings is that Cr(VI) is the active 
species and the corrosion protection comes from a self-heating process, where the 
reduction process of Cr(VI) to CrQH) occurs such that chromate from the film, is 
reduced by corroding aluminium to form a passivating Cr(III) oxide. 71,73 
Reviews of replacements for chromium pretreatmentS73,74 highlight the wide range of 
alternative treatments that have been and are still under investigation such as silanes, 
molybdenum conversion coatings, phosphate coatings together with a number of 
patented conversion coatings based on manganese, vanadium, molybdenum, cerium, 
tungsten compounds and acids. Alternative anodic pretreatments reviewed include the 
development of PAA, sulphuric/boric acid anodising and, a. c. and thin film sulphuric 
acid anodising. Although there exists countless other less known surface treatments 
not covered, this section attempts to detail the major ones, which dominate current 
research. 
2.5.2.1 Coupling agents 
Silanes are used as adhesion promoters by providing environmental resistance in a 
bonded joint such that enhancement of primary interfacial bonding is achieved. 
However, there is some debate as to whether or not silanes produce primary chemical 
rather than just secondary bonds at the interface and it may be this factor, which 
determines if a particular silane results in improved joint durability. Following this, 
inelastic electron tunnelling spectroscopy has been used to study organic molecules 
absorbed onto solid surfaces in a hope of determining the interfacial chemical 
characteristics. Additionally, use of ToF-SIMS has been used to confirm covalent 
bonding using silanes on oxidised aluminium. 75 and more recently on grit-blasted 
aluminium76, showing silanes to be an effective surface treatment. 
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Silane primer films are usually polymeric and in general composed of a polysiloxane 
network with the general unit structure X3Si(CH2). Y, where n--O to 3, X is a 
hydrolysable group on silicon and Y is an organo-functional group selected for the 
compatibility with the given resin. 28 One of the most successful of the silanes on 
aluminium is y-Glycidoxy propyl trimethoxy silane (GPS) primer. A difficulty with 
silanes is the application, although easy in terms of applying the silane, usually by just 
painting on, it has been found that despite good results being achieved in laboratory 
conditions they aren't always reproducible in an industrial environment. 
Kinloch el aP8 has shown that while silanes do improve water attack they can become 
the weakest link in the adhesive system, with cohesive failure within the silane primer 
itself 
Van Ooij et aF7 has studied two silanes systems, one soluble in water and alcohol, the 
second being water soluble only. Both systems showing good corrosion resistance to 
salt-spray testing and adhering well to commercial paint systems, such as polyesters, 
polyurethanes, epoxies and acrylics. 
Self assembling molecules (SAM's) as with silanes, both consist of organic functional 
groups, designed to chemically couple the surface oxide and the adhesive. SAM's can 
only be used for aluminium alloys and are usually applied by either spray, immersion 
or roll-coated, they are made up of an anchor group, at one end of the molecule and a 
bonding group at the other. As the name implies these molecules, when applied, 
arrange themselves according to their end groups, with the claim that they have a self- 
limiting film thickness. SAM's form a transparent film, but quick and easy testing 
methods have been developed to assess these coatings . 
78 Both silanes and SAM's are 
very sensitive to surface cleanliness and their corrosion resistance in certain 
applications is questionable. 
2.5.2.2 Conversion coatings 
In terms of conversion coatings, molybdenum has been a suggested alternative to 
chromium as it shares the same group in the periodic table and various anions of the 
form M004' are known to inhibit the corrosion of Al, with molybdate (Mo04 2-) 
incorporated into passive films displaying corrosion resistance to pitting. 73 A limiting 
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factor with molybdenum is its cost. A further redox reaction inhibitor, studied 
includes permanganates, again having the same formation mechanisms of chromium. 
In the case of manganese this forms Mn02on aluminium. Unfortunately, it exhibits 
relatively poor corrosion resistance, which restricts its use. 
Phosphate coatings have also been studied as alternatives to chromate pretreatments 
with the advantage of providing good adhesion properties. This surface treatment has 
found wide use in the automotive industry, mainly because it can be used on both 
steel and aluminium. Although its corrosion resistance is slightly less than that of 
chromium, a major disadvantage to these types of coatings on aluminium is that it is 
colourless and invisible to the naked eye, making assessment of film coatings very 
difficult. 
Titanium/zirconium-based conversion coatings produce a very thin coating on 
aluminium, reflected in the short time take to form (in the order of seconds). Despite 
this titanium/zirconium conversion coatings have been found to have good adhesion 
and corrosion properties on some aluminiurn alloys. However, there are some 
conflicting evidence that suggests that titanium/zirconium coatings do not perform as 
well as first thought. 79 In the case of the 6060 alloy preferential deposition has been 
found at the cathodic sites attributed to the a-AlFeSi particles as a result of local 
alkalisation, which can cause variations in film thicknesses. " Again like phosphates 
these coatings are invisible, and so quality control assessments are difficult. 
Cyclic testing has been used in the evaluation of titanium/zirconium-based conversion 
coatings, which have been shown to be less effective than PAA when studied using 
single lap shear (SLS) joints under cyclic durability testing and exposed to hot-wet 
conditions. " PAA has also been shown, with the use of unloaded and sustained 
loading to out-perform aluminium pretreatments such as titanium/zirconium-based 
conversion coatings and amino silanes when using either epoxy or hot melt adhesives. 
In addition, the poor durability of amino silane primed joints under cyclic stress has 
been shown. 
Cerium based processes are again similar to that of titanium/zirconium-based 
conversion coatings. The resistance to corrosion by cerium is believed to involve 
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decreasing the rate of cathodic oxygen reduction by precipitation of Ce (111) 
hydroxide (Ce[OH13) at regions of high pH. 73 
A study has reported Ce and Mo in a multi-stage process to be particularly successful 
in the corrosion protection of high copper-containing alloys including the aerospace 
82 2024 and 7075 alloys, when combining chemical and electrochemical processes. 
Good adhesion and corrosion properties have been found on the 2xxx alloys but not 
so much on other alloys, with the process controls needing to be adapted for each 
specific alloy group. A disadvantage to the multi-stage process is the relatively long 
time required to produce the coating, which results in too greater expense in terms of 
processing. 
The use of boiling water as a method of conversion coating has recently been shown 
to provide a successful pretreatment to aluminium surfaces. It's simplistic and 
relatively low cost, make this method a highly feasible alternative to Cr6.83 
Tri-valent chromium has been considered as an alternative to hexavalent chromium 
but due to cost, difficulties in operation, such as the corrosive properties and dark 
deposits on surfaces, this has discouraged its use in the decorative plating industries. 
Depositing tin or cobalt has been one answer to an alternative surface treatment and 
has been around since the 1970's, normally associated with colouring electrolytes. 
With similar thicknesses, corrosion resistance and wear properties as chrome 
plating. 84 
2.5.2.3 Others 
Plasma spray coatings as pretreatments to adhesive bonding have been shown to be 
equivalent if not superior on aluminium, titanium and steel to the best conventional 
surface treatments such as PAA, FPL, and grit-blasting (steel only). They have a 
number of advantages over standard pretreatments, the most important and obvious, 
as located in this section, being chromate free. 85 Other advantages include an 
indefinite shelf-life, suitable for remote repair work and a low total processing cost. 
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Studies into the effectiveness of oxalic and nitric salts, alternatives to chromate 
coating, as potential inhibitors for 7075 aluminiurn alloy have found that a mixture of 
the two salts produces the best corrosion resistance to the alloy in sodium chloride. 86 
2.5.2.4 Altematives to cuffently used acid etches 
in the same way alternatives to chromic acid anodising (CAA) are being studied due 
to the increasing safety and environmental regulations regarding Cr +6 . Non-chromated 
acid etchants have been studied by Boeing with good results, provided the etchants 
produced a uniform etch with a sufficient etch rate . 
55 Boeing has also developed a 
non-chromated deoxidiser using a low voltage DC current applied to a phosphoric 
acid electrolyte. The electrolytic phosphoric acid deoxidiser (EPAD) has been show to 
be equivalent if not superior to that of chromated deoxidisers for the removal of 
contaminants such as outdoor storage surface contamination, corrosion products 
resulting from salt spray exposure, epoxy resin, and drill lubricants. It was found that 
the preferential attack along alloy grain boundaries by the EPAD was slightly less 
than that found when treated with chromated deoxidisers, it was suggested that the 
grain boundaries are more anodic in comparison to the rest of the matrix and so being 
less susceptible to preferential dissolution. 61 It was also found from subsequent 
anodising that the EPAD had no detrimental effect on peel or wedge test specimens 
when used with PAA and showed equivalent salt spray corrosion performance with 
that of CAA, when used in conjunction with chromated deoxidisers. 
Unlike chromated deoxidisers, which supply the cleaning energy chemically, such as 
the reduction of W6 to W3, the EPAD cleaning energy comes from the supply of the 
DC current. The electrical potential leads to the formation of an anodic oxide on the 
aluminium in which the phosphoric acid electrolyte aggressively dissolves the 
aluminium oxide without dissolving the base aluminium. With the appropriate 
operating parameters a condition of oxide formation being equal to oxide dissolution. 
The formation/dissolution reaction continues throughout the process cycle, the effect 
of this being the undermining and displacement of contaminants. Since the cleaning is 
accomplished by the undermining effect of the oxide formation and dissolution cycle, 
the electrolyte itself does not need to have the capacity to chemically attack or 
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dissolve each and every type of contaminant that could occur, as in the case of strong 
acid/chromated deoxidisers. 
Other workers have also investigated effective alternatives to the currently used 
chromate deoxidisers, some of which include NaOH, rotating brush grinding 87 and 
rare earth electrolyteS. 69 Scalloping effects have previously been reported in rare earth 
desmutting solutions with an increase of intermetallics exposed to the surface. It was 
speculated that these could be removed by the addition of an oxidant such as K2S208 
orH202. 
A sulphuric acid/ferric sulphate etch, referred to as P2, has been shown to out perform 
the FPL etch in testing but only when used in conjunction with PAA . 
40 As a single 
pretreatment the FPL out performed the P2 etch. 
2.5.2.5 Anodising alternatives 
A thin film version of the SAA process has been studied. 8" which produces equivalent 
coating weights to that of CAA but displays limited corrosion resistance on 2024 
alloy. It has been concluded that a minimum coating weight of 64.6mg. dm7 2 
(600mg. ft'2) for the thin-film process is required to produce adequate corrosion 
resistance and bond durability. 
Methods using thin film a. c. anodising in either hot phosphoric acid or sulphuric acid 
have been shown to have a number of advantages. These include the short anodising 
times, in the order of 10-30 seconds, and the redundancy of the degreasing or etching 
stages, as sufficient cleaning action is caused due to the hydrogen evolved from the 
surface during the cathodic half cycle of the a. c. current. 
Hot a. c. phosphoric acid anodising is operated at -50*C in a 10% phosphoric acid, 
running at a current density in the order of I OA. dM-2 (rms). The hot ax sulphuric acid 
process is usually operated at high temperature, -80*C in a 15% sulphuric acid bath at 
current densities in the order of IOA. dM-2 (rms). It produces a surface lacking in the 
characteristic scalloped features found in other anodising processes. Corrosion studies 
have shown thin film a. c. sulphuric acid anodising to be comparable to that of 
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acid/alkaline etching and other chromate-free pretreatments such as phosphate- 
permanganate. 89 Also in the same studies, mechanical joint testing has revealed thin 
film a. c. sulphuric acid anodising to be equivalent to FPL etched joints. Work by 
SINTEF has shown that mechanical testing of both a. c. anodising processes produces 
joints strength comparable to their d. c equivalents. 
Boeing has further developed the PAA process as an alternative, chrome-free, 
pretreatment to CAA for structural adhesive bonding by replacing the standard 
deoxidising stage (chromated FPL) with the previously aforementioned electrolytic 
phosphoric acid deoxidiser (EPAD) . 
61 Despite the environmental advance, the PAA 
process still performs poorly in corrosion resistance, due to the relatively thin oxide 
that it continues to produce. As a result, Boeing had the task of finding an 
environmentally friendly alternative, to that of CAA, which would incorporate 
equivalent if not improved corrosion resistance, paint adhesion, abrasion resistance 
and fatigue life. Unfortunately the PAA oxide does not possess all of these qualities. 
This is where the development of the boric sulphuric acid anodising came about and 
as this represents the major component of the study it is fully discussed in the 
following section. 
2.5.3 Boric Sulphuric Acid Anodising 
The boric sulphuric acid anodising (BSAA) process was patented by Boeing workers 
Moji, Y. and Wong, C. in January 1990 where they were one of the first to consider it 
as a direct replacement to chromic acid anodising, to meet increasing environmental 
regulations. Based on this work, Boeing put together an initial screening program, 
with dilute sulphuric acid being the basis of four mixed acid electrolytes. 90 The four 
additions to the dilute sulphuric acid electrolytes were: manganese sulphate, nickel 
sulphate-sodium phosphate, phosphoric acid, and finally boric acid. Boeing knew that 
the SAA process produced coatings, far thicker than that of CAA and as a result, high 
coating weights tended to reduce fatigue performance. In addition, Canadir has 
reported problems with their CAA and fatigue, attributed to over sized etch pits and 
film thicknesses being too great. 91 With this in mind, anodising parameters for these 
alternative processes, i. e. electrolyte concentrations, potential, temperature and 
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anodising times were based on producing equivalent coating weights to that of the 
CAA procesS. 67 
The phosphoric/sulphuric acid anodising process failed in corrosion testing, this result 
was attributed to phosphate inhibiting the sealing of the oxide coating. The remaining 
processes all passed the MIL-A-8625,336-hour salt spray test. The nickel sulphate- 
sodium phosphate/sulphuric acid anodising failed paint adhesion testing exposed to 
deionised water, it also failed fatigue testing and as a result was dropped from the 
study. Preliminary work on the remaining two processes with respect to structural 
adhesive bonding was carried out but perfonnances were inferior to that of CAA, with 
a tendency towards inter-oxide layer failure for the non-chromated treatments, 
thought to be associated with the relatively thick oxides produced. 90 
Although Boeing had found two processes, manganese sulphate/sulphuric acid and 
boric acid/sulphuric acid, which performed satisfactorily in testing, boric sulphuric 
acid anodising or BSAA was chosen for further optimisation/evaluation since it does 
not contain any heavy metals and was expected to be the more economical bath to 
operate. Furthermore, the fatigue testing carried out by Boeing concluded that the 
BSAA process, using established parameters, 92 would provide equivalent, if not 
better, fatigue life compared to CAA on aircraft structures. 90 
Later work by Cree and Weidmann et a P3 investigated the fatigue properties of 
BSAA on aluminium 2024-T4, which showed a 22% reduction in fatigue strength. 
For the anodised clad alloy the underlying cladding was the dominating factor 
influencing the reduced fatigue strength. The presence of the BSAA oxide also caused 
an increase in the fatigue crack growth rate and so it was concluded that the-decrease 
in fatigue life was not only dependant on the ease of initiation of fatigue cracks but 
also on the enhanced propagation of the crack itself due to the anodic oxides present. 
It was speculated that the increased crack growth rate was caused by two factors. 
Firstly, constraint of the substrate material related to possible tensile residual stress in 
the oxide film, and its inherent higher modulus, resulting in a reduction to the 
plasticity-induced closure, experienced by the growing fatigue crack. Secondly, the 
highly cracked surface morphology of the oxide film in the vicinity of the crack tip 
alters the growth characteristics of the propagating fatigue crack by defining a path of 
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least resistance and, in short, the brittle nature of the anodised film may induce an 
increased crack growth rate in fatigue properties. 
Investigations into the BSAA process have revealed a steady state current density of 
5.0 ± 0.2m&crný, which is achieved after the first 2 minutes of anodising. 94 Oxygen 
evolution is apparent during the anodising process. The pore population density is 
similar to that of sulphuric acid - 6.7 x 10'ocm2. The film formed in sulphuric acid 
has a branched porous morphology, with a barrier layer in the order of l7nm to l9nm 
thick and cell dimensions near the interface in the range from 30nm to 50nm. Film 
formed in the mixed BSAA acid also had branched pore morphology, with similar 
barrier layer thickness and cell dimensions comparable to that of sulphuric acid. 
In attempting to identify the differences between SAA and BSAA in terms of 
anodising properties, theoretically there should be no change observed if boric acid is 
added to a conventional sulphuric acid bath, this is because the sulphuric acid 
concentration is high and the sulphuric acid governs the reactions. However, if anodic 
oxidation is carried out in a low-concentration sulphuric acid-only bath, the ability of 
the acid to dissolve aluminium in the bath is weak and since the bath includes a small 
quantity of SO 4 2- ions in addition to HSOJ ions, the bath voltage rises, and pitting 
corrosion occurs. If boric acid is added to such a low-concentration sulphuric acid 
S02 - bath, the deleterious action of the 4 ions is weakened and so helping to prevent 
pitting. 95 
The BSAA process was first implemented at Boeing Witchita, with processing of 
production parts beginning in April, 1991.67 Since then many of Boeings anodising 
tanks have been converted from the CAA process to the BSAA process. The UK is 
trailing in this respect with only few operators using the BSAA process, and they still 
retain their CAA tanks for pretreatments for structural adhesive bonding, whereas 
their American counterparts are using the PAA process for the treatment of parts in 
this application. This all stems from the less stringent regulations imposed by the 
British government. ' 
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By 1992 the BSAA process was found to have a number of desirable features, 
including: 
- The solution is inexpensive to treat and depose of and meets current EPA 
requirements. 
- The anodic film meets all NffL-A-8625, Type I, Class I and Boeing 
specification BAC 5019 requirements. 
- BSAA corrosion resistance is equivalent to, if not better than, CAA in both 
painted and unpainted conditions with equivalent coating weights. 
- BSAA is economical and practical for manufacturing. 
- BSAA paint adhesion perfonnance is equivalent to or better than CAA 
- BSAA is able to produce thick oxide films such as MIL-A-8625, Type 11, 
Class I by extending anodise time/potential. 
- The anodising throwing power of BSAA is equal to that of CAA when 
anodising 6061-T6 bare alloy. 
- BSAA requires 18-22 minutes anodising time to attain a coating weight of 
21.5 to 75.3mg. drn4 (200 to 700mg. W2), while CAA requires 35 to 60 
minutes for the same coating weight range. 
With regards to corrosion resistance, NULA-8625 incorporates 336 hours salt spray 
testing and coating weight determination. Type I is comparable to CAA process 21.5 
to 75.3mg. dm-2 (200 to 700mg. ft-2) and Type 11 is for conventional sulphuric acid 
anodising with higher coating weights 64.6 to 215.3mg. dm72 (600 to 2,000mg. ft-2). 5 In 
addition to Boeing results, the BSAA process has been shown by the Naval air 
warfare center, Warminster" to be equivalent for the above tests to that of CAA and 
as such has been deemed a suitable replacement to that of CAA- 
Work by Thompson and co-workers" using 2024-T3 and 7075-T6 alloys for the 
BSAA process and two different pretreatments of electro-polishing with CSA etching 
or alkaline etching found for current-time responses an insignificant dependence on 
the concentration of boric acid in the electrolyte up to 50g/l. They found pretreatments 
affected the initial film development prior to a steady-state morphology of the porous 
film but there was a negligible effect of boric acid on the coating weight, morphology 
of the anodic oxide, the thickening rate of the film, or corrosion resistance provided 
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by the film for 7075-T6 alloy. They also found that both sealed and unsealed BSAA 
aluminium alloys did not compare to the corrosion performance provided by CAA, 
which is in direct contrast to the findings of Boeing and other workers reported in this 
section. 90 
2.5.3.1 Industrial experience of BSAA for structural bonding 
Rohr Industries, Riverside, California adhesively bond certain aircraft structures using 
components fabricated from dissimilar metals. To help prevent galvanic corrosion, 
aluminium components have historically been chromic acid anodised prior to bonding 
and as a result the thick, non-conducting oxide coating acts as an electrical insulator 
separating the dissimilar metals. Additionally, the CAA was reported to provide a 
durable bond surface with good adhesive properties. To comply with SCAQNM rule 
1169, Rohr considered several options; relocation, emission control equipment and 
process substitution. Relocation would just delay the inevitable and with labour pools 
and corporate polices, being an environmentally conscientious corporation, to 
consider this option was quickly ruled out. An evaluation of cost associated with 
emission control equipment showed this option to be economically prohibitive which 
just left the investment in the development and implementation of a new, non- 
chromated process. So in joint collaboration with the Boeing company, Rohr 
evaluated the Boeing patented BSAA process in combination with Boeing's patented 
97 electrolytic phosphoric acid deoxidiser (EPAD). As the BSAA was a process for 
corrosion resistance and paint adhesion, Rohr decided to prevent confusion and call 
the process they were evaluating for structural adhesive bonding and corrosion 
resistance the SBAA process. Rohr conducted a test program, 97 which included lap 
shear, flatwise tension, wedge crack, floating roller peel, double cantilever beam, salt 
spray, and wet paint adhesion tests. They concluded that the SBAA process had been 
shown to be equivalent, and in some cases superior to CAA as a corrosion resistant 
surface treatment for the adhesive bonding of aluminium. 9' Shear, tension and wedge 
crack durability testing showed results statistically similar to those for CAA_ 
However, SBAA demonstrated surprisingly superior performance over CAA in wet 
floating roller bell peel tests. As a result Rohr implemented the process in July 1990 
with good results. 
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It was noted by Roh? 8 that additions of sulphuric acid to boric acid is far in excess of 
the 4 to I ratio expected from drag out losses. SO. gas is a normal by-product of 
sulphuric acid anodising and is obviously consuming much of theS04-2ions, needing 
replenishment. Auger analysis carried out showed sulphur to contribute to I atomic 
percentage to the SBAA oxide. Boron, however, was not a detectable constituent of 
the SBAA oxide. From this they concluded that the boric acid has the effect of 
limiting the sulphuric, acid electrolytes susceptibility for producing a thick brittle 
oxide, as the theory speculated. End of life chemical analysis showed an accumulation 
of H3PO4in the SBAA solution which meant the phosphoric acid drag over from the 
EPAD slowly poisoned the anodising solution causing a decline in coating weights 
and current density. Also aluminium dissolved in the anodising bath appeared to have 
little or no influence on anodic coating. 
In 1994 Rohr undertook a project to investigate the effects of pre-bond surface 
preparation for adhesive bonding using the wedge test. 99 They found that pre-bond 
surface preparation when combined with the SBAA favours the use of higher strength 
alloyed aluminium. Clad surfaces and 6061 bare seemed to offer less potential for 
durable bonds with the SBAA process. The data also suggested a link between the 
pre-anodise treatment or deoxidising process and the SBAA oxide produced. 
SIFCO have also developed the BSAA process by experimenting with many differing 
voltage/time and current density/time combinations using 2024,6061 and 7075 
aerospace alloys, but no published data could be found in the literature. They have 
investigated selectively applied boric sulphuric acid anodising procedures using 
solution and gel forms, with the intension of producing a method for local repairs to 
damaged anodised surfaces. 100 
From the above it can be seen that initial work with the BSAA process was interested 
in producing a pretreatment prior to paint adhesion, which would also aid corrosion 
resistance, an area the already developed PAA process did not fulfil. Unlike the PAA 
process this new process would not be the basis of a prebond surface treatment for 
structural adhesive bonding as the PAA had already been developed for this role. The 
literature has shown some attempts in developing the BSAA process for structural 
adhesive bonding but very few attempts have been made in explaining this 
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phenomenon with respect to the surface chemistry or morphology and how this may 
be influenced by the varying surface pretreatments, as discussed in Section 2.4.4. The 
next section reviews the actual formation of anodic oxides with the aim of further 
understanding how the pretreatments and anodising conditions can affect the surface 
chemistry and morphology of the final anodised film. 
2.6 Theory of Oxide Formation and Composition of Anodised Films 
Until recently a full understanding of film formation mechanics in anodic oxides has 
not been documented. As a result, very few studies have made a successful attempt in 
relating the more fundamental aspects of academic research to the anodic film 
properties of commercial processeS. 49The following section reviews the theories, both 
physically and chemically, behind anodic oxide formation and development. It also 
discusses some of the phenomena associated with anodising, which in the past has 
been investigated, with the aim of furthering the understanding of this process. 
2.6.1 Barrier Structure orAnodic Oxide Films 
To fully understand the oxide formation of a porous anodic oxide, the structure of the 
film itself needs to be understood. This area of research has benefited greatly from the 
development of ultramicrotomy in combination with TENL which has contributed in 
the understanding of both film formation and corrosion behaviour of aluminium and 
its alloyS. 36 The so-called barrier layer consists of a thin compact oxide film, which is 
adjacent to and continuous over the substrate surface, above this is a porous region. It 
has been shown that the transition from barrier film growth to porous film growth 
occurs when the efficiency of film growth reduces to approximately 60%. 101 Alkaline 
solutions have been found to be less efficient than acid solutions, mainly due to 
Faradaic processes associated with current leakage processes with the formation of 
oxygen . 
33 Sykes, Thompson and co-workers have used a combination of TEM and 
Rutherford backscattering spectroscopy (RBS) to study both anodic barrier-type film 
34,35 f-IMS. 33 growth and porous I 
The ratio of thickness versus applied anodising voltage for the barrier layer is often 
quoted as 1.3nm/V but this value can vary depending on the relative film resistivity. 
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For example the presence of iron species reduces the ionic resistivity of films but low 
concentrations of silicon species have little affect on the resistivity as they are 
immobile in the anodic alumina film. 34 In some studies. RBS analysis has been shown 
to lack the spatial resolution. both laterally. in the plane of the specimen surface. and 
in depth. normal to the specimen surface \vhen studying local compositions of barrier 
film material. but this information can complement TEM results. _, 4 
2.6.2 Porous Structure of Anodic Oxide 
The porous region. which for films grown on high purity aluminium, develops an 
approximately close-packed-hexagonal (honeycomb) arrangement of cells. Each cell 
consists of amorphous anodic alumina wlth a central pore. orientated at right angles to 
the aluminium surface. 102 as shown in the figure 2.8. 
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Figure 2.8 Schematic representation ol'a porous anodic oxide structure 102 
Jessensk-\. N, 1011er and GOsele ef all"-; have proposed that this honeycomb arrangement 
is due to repulsive interactions betxNeen the pores during anodic film gro,, %ih and it is a 
mechanical stress. due to the volume expansion of forming oxide. that causes these 
repulsiNe forces and in doing so fon-ning a self-organizing hexagonal arrangement 
during nucleation. I ýsmg high purity (99.999%) aluminium foils in 0. -')M oxalic acid 
at VC and anodising potentials of 10-60V. produced groNN-th rates of 1-2 pm per hour. 
The authors found that pretreatments and electrolyte agitation were important factors 
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influencing the formation of ordered pore arrays. They also lound by using saturated 
11902 to remove the underlying aluminium that the pore density was 20% lower on 
the upper surface compared to the base of the alumina, indicating that sorne pores 
may stop growing after nucleation or during the self-organisation process. Other 
observations included a near perfect hexagonal pore array on the lower surface ofthe 
alumina and a more random array on the uppermost surface where the pore would 
have begun forming. 
Other authors 104 have also reported near perfect hexagonal pore arrays, on 99.999% 
Al foil, using sulphuric, oxalic and phosphoric acid solutions, see figure 2.9. Thcy 
showed that distances between cells increased linearly with anodic potential, 
explaining the regular array by means of a mechanical stress model were repulsive 
forces between neighbouring pores at the metal/oxide interface promote the I, ormation 
of hexagonally ordered pores during oxidation and observing an optimum volume 
expansion of aluminium during oxidation to give the most ordered pore arrays. 
Alternative methods applying Faraday's law, to porous anodic alumina 111111s. have 
produced models that investigate current efficiency, indicating that this factor may 
influence the growth kinetics of porous anodic films. ' 0 
to 0 Wip 
lmý - 11ý A 
Figure 2.9 SEM images qfunodic pore al-l-ilYs lising (a), vulphuric acid, (h) oxalic 
acid, and(c) phosphoric acid 104 
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Unlike the mechanical stress theory, Thompson, Wood and co-workers initially 
proposed that pore nucleation was due to a cracking and self-healing of the oxide 
layer and in so producing ridges on the Al surface such that the barrier layer 
developed a non-uniform thickness. 106 It has been suggested that pore nucleation 
occurs during the electro-polishing stage and it further developed by joule heating and 
acid-catalyzed oxide dissolution at the pore bases during anodising. 106 As a result the 
porous layer of the oxide will continue to grow until the rate of oxide formation 
55 equals the rate of oxide dissolution at or near the outer surface. 
2.6.3 Chemical Development of Anodic Oxide 
The chemical growth of the film is made possible by the solid-state migration of Al 3+ 
and 02- ions, which move outward and inward through the film respectively, the 
transport being driven by the electric field provided by the external power supply, i. e. 
high field ionic migration, such that field strengths in the order of 108-109 Vrn" can 
sustain ionic transport. The development of new barrier type material is due to 
oxidation of aluminium atoms at the metal/film interface, to form Al 3+ ions, and 
additions of 02- ions, derived from the electrolyte, at the film/electrolyte interface. As 
a result of the counter migration of A13' and 02- ions, the new material is formed both 
at the metal/film and film/electrolyte interfaces, with about 40% and 60% of the film 
formed at the respective interfaces for film growth on high purity aluminium at high 
current efficiency. 34 The above studies considered electrolytes that where relatively 
unreactive towards the anodic film, so no aluminium species would be lost to the 
electrolyte. Also use of marker ions, usually xenon, implanted into the anodic oxides 
has been used to further these study. 102 
2.6.4 Physical Elements Affecting Anodic Oxides 
Physical properties, such as, convective heat transfer has been demonstrated to have a 
significant effect on anodic oxide formation. As an increase in local temperature 
enhances local field assisted oxide dissolution at the pore bases, and as a result acts to 
increase the local current density. 107 
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Altering the anodising voltage has also been shown to affect the barrier layer 
thickness, cell wall thickness, pore diameter, and the total thickness of the duplex 
oxide. 55 Solution temperature also affects barrier layer thickness, porous layer 
thickness, pore diameter, and cell wall thickness, because of its effect on the solution 
dissolving power. I-Egh temperatures produce thinner barrier and porous layers, larger 
pore diameters, and thinner cell walls. Low temperatures have the opposite effect. 49 
The affect of alloying components of aluminium anodising has been studied, 55,109-113 
which can be sub-divided according to thermodynamic properties of the alloy 
components and in particular the magnitude of the Gibbs free energy per equivalent, 
AGo/n, for formation of the alloying element oxide and that for the formation of 
A1203, (AGo/n), u. The key properties of the oxide relate to whether it functions as a 
semiconductor or an insulator during anodising of the alloy and the ratio of the 
volume of oxide per metal ion to the volume of metal per metal atom (referred to as 
the Pilling-Bedworth ratio (PBR)). 
In the 2xxx series alloys, the copper-rich second phases affect adversely the film 
morphology and integrity, especially due to the formation of relatively large voids in 
the film. 102,111 Oxidation of copper and incorporation of Cu2+ into the anodised 
alumina are also associated with02gas evolution causing local film cracking 111,114 
and this can lead to the non-uniform flow of ionic current through the film, due to 
significant volume02bubbles within the anodic film. ' 14 Voids can also be attributed 
to the high magnesium content of the S-phase particles in 2024 alloy as during film 
formation the magnesium species migrate up to three times faster than A13+ ions and 
are lost to the electrolyte on reaching the surface of the anodic film i. e. they are 
preferentially leached from the alloy and reduce the efficiency of film growth by 8% 
and in doing so form voids at the alloy/film interface! 15 
it was found that varying pretreatments do not prevent the detachment of anodic films 
during anodising but the current density is a major influencing factor. The detachment 
may be related to void generation at the alloy/film interface, associated with the 
difference in Pilling-Bedworth ratios of MgO/Mg and A. 1203/Al, although the strong 
influence of current density has suggested that other factors are also important. 112 
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2.6.5 Migration of Ions and Anions 
For most dilute aluminium. alloys, oxidation of atoms of the alloying elements at the 
alloy/film interface results in an ion species in the film which migrates outwards at a 
rate u related to A13+ ions, where u is the ratio of the migration rate of the metal ion 
species to the migration rate of A13+ ions. Consequently the ratio, R, of the 
concentration of the ion species of the alloying element in the film (considering 
cations only) to the corresponding concentration of the alloying element in the alloy is 
given by: 
(0.6 + 0.4u) 
(6) 
For FVS0812 alloy (8.5%Fe, 1.7%Si, 1.3%V), R=0.7 and hence uz-2.1. Eventually the 
reduced concentration of iron in the film compared with the alloy is caused by the 
significantly faster migration rate of iron ions compared with Al 3+ ions. Faster 
migrations rates of alloy cations, compared with A13+, are found for a wide range of 
other metal ions in anodic alumina, including copper, zinc, and magnesium. When the 
alloying cations migrate faster than A13+ ions, a layer of film material can develop at 
the outer film surface, which is highly enriched in the corrisponding metal oxide. 34,116 
On a slight side note, the anodic film formation of AI-Mn-Ce alloys has been shown 
to produce a manganese-rich and cerium-rich layer within the anodic oxide that could 
increase the corrosion resistance of the underlying stubstrate. 101 
For an anodising solution to produce a porous anodic film the conditions at the film 
surface must allow transfer from the oxide lattice to the electrolyte of outwardly 
mobile A13+ ions under the high field; the resultant film then forms at the metal/film 
interface by inwardly mobile 02- ions. Such conditions favour development of an 
unstable film/electrolyte interface. This results in localised increases in both the 
concentration of the electrolyte and of the electric field and consequently of the 
current flow, giving rise to field assisted dissolution of the alumina film material. 
Electrolyte species, associated with the acid solution also influence film growth, with 
the appropriate anions enhancing field-assisted dissolution at the pore base and 
chemical dissolution of the film material remote from the pore base. Anions derived 
from the corresponding acids such as HS04' or SO 4 2' anions have a less severe effect 
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on the dissolution of alumina film material than the anions derived from a phosphoric 
acid electrolyte such as H2P04. IHP04 
2- 
or P04 
3- 
anions, but conversely, they have a 
more significant influence on field-assisted dissolution. 
33 
2.6.6 Current Density-Time Behaviour 
Classic current density-time behaviour for acid electrolytes starts with an initial surge 
of current at the beginning of anodising, set by the limit of the power supply; 
following this the current density falls to a minimum value and then increases to a 
steady state value, see figure 2.10. This is explained by the initial non-uniform film 
growth followed by pore development, with establishment of the regular porous 
anodic film in the region of steady current density flow through the cell. 33 
By means of an example; after extended anodising times in borax solution and after 
full development of a porous oxide, a scalloped metal/film interface becomes evident. 
Also with extended anodising times it was found that the overall thickness increased 
but the barrier layer at the base of the pores remained approximately constant. The 
total film thickness increased approximately linearly with time. 33 This has also been 
observed for studies with oxalic/sulphuric mixed acid anodising solutionS117 but over 
extended anodising times the film growth slows down so that the growth and 
dissolution are balanced and the film thickness remains constant. Also in this study 
temperature, acid concentrations and current densities were found to influence both 
the voltage-time curves and ultimately the film thickness and structure. 
Again in the case of borax anodising, boron species, believed to be B203, have been 
found to be incorporated in the outer regions of the film developed by A13' egress, and 
derived from the electrolyte species adsorbed at the film surface during anodising. 33 
After the film has formed to a set voltage, further barrier film thickening is not 
possible because the field strength for ionic transport falls to levels too low to support 
the co-operative mechanism of ionic movement. Thus, the current then declines to the 
so-called leakage value, associated usually with electronic current flow at the 
numerous flaws associated with anodic films on aluminium. At this stage of anodising 
with no ionic current flow across the barrier film and hence no further formation of 
alumina at the film/electrolyte interface takes place. 33 
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Jessensky, MUller and G6sele et al'03 have studied the variation of current with time 
for varying potentials after reaching a steady state of pore growth. They observed that 
as higher potentials produced higher pore growth rates at the beginning of the 
oxidation process, producing deeper pores, this affected the current in the steady state 
of film growth over time, figure 2.10. 'Ibis was explained by a change in the 
electrolyte composition, due to the consumption of anions during oxidation at the pore 
bases, resulting in a decrease of anions and in turn a decrease in current. Further to 
this, an increase in the H+ concentration is caused due to the decomposition of water 
and this follows an accumulation of hydrated A13+. As the rate of consumption and 
production of the electrolyte species is given by the oxidation rate of aluminium, high 
currents lead to a faster change in the electrolyte composition at the pore bases. As the 
exchange of species between the bulk electrolyte and that at the pore bases is a 
diffusion-controlled process and stirring of the electrolyte does not affect the volume 
within the pores the pore depth influences the evolution of the current, leading to an 
even faster decrease of the current at high voltages due to the higher pore growth rate 
at the beginning of the oxidation. 103 
3 
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Figure Z 10 Oxidation current verses timefor varying anodisation potentials'03 
The use of radioactive tracer techniques has been widely used in studying the 
formation of anodic films and the movement of species within the film itself, 
including acid anions from the solution, which are thought to be adsorbed into the 
anodic film during the formation of the ionic double layer. 49 Reported values for 
sulphuric acid within anodic films are 13% S03 or 15% S04 2- ,3- 8% for oxalic acid, 
59 
Chaptcr 2- Litemturc Review K. Yendall 
6- 8% phosphate in phosphoric acid and films formed in chromic acid give 0.4 - 
0.7% chromate anions with less than 1% chromium. These anions are not uniformly 
distributed throughout the film and so give little indication of the chemical 
f IM. 49 composition of the 1 
2.6.7 Anodising Phenomena 
Some anodising phenomena include the recovery effect, pore widening and burning 
effects. The recovery effect is observed where initial anodising conditions are in a 
steady state and the voltage is reduced. At this point the current drops to a very low 
level, thereafter the current increases, after a delayed time-period, to a value lower 
than the initial steady-state current. This delay is referred to as the recovery period 
and a great deal of research has gone into the understanding of this effect with a view 
to a better understanding of anodising in general. Attempts to explain this 
phenomenon have been carried out by a number of researchers. 49 After the voltage is 
reduced an initial thinning of the barrier layer has been observed, where little current 
flows. Theories explaining why this happens are put down to either chemical 
dissolution or field-assisted dissolution, or a combination of both at low resistance 
pathways at the base of pre-existing pores. As the barrier layer thins, the field strength 
increases and the anodising current starts to rise again, at this point new pores 
develop. Finally, the current levels off, as the anodic film begins to reach equilibrium 
with a pore structure typical of the new anodising voltage. This phenomenon has also 
been used to account for the voltage dependence of pore diameters and cell sizes. 
Pore widening during anodising occurs due to dissolution of pore walls near to the 
film/solution interface, resulting in a loss of material without significant loss in film 
thickness, as would be observed with the dissolution of non-porous films. This 
mechanism is important in the sealing of anodic oxides and in the dye uptake for 
coloured anodic films. 
Burning takes place under increased localised heating, which allows current to 
increase in a confined area. This is usually due to insufficient agitation particularly at 
high rates of anodising, allowing a build up of heat on or near to the metal surface. 
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2.7 Post-treatments to Anodising 
Now that the surface pretreatments prior to anodising and the process of anodising 
itself have been discussed in respect to adhesive bonding, there are a number of 
further surface treatments, i. e. priming and sealing which are in some cases critical to 
the mechanical and corrosion performance of bonded joints. These and an additional 
post anodising treatment to aid bonding are reviewed in the following section. 
2.7.1 Phosphoric Acid Dip (PAD) 
For anodising using sulphuric acid a post-treatment found to enhance bond strength 
and durability, comparable to that of CAA and FPL + PAA, has been a phosphoric 
acid dip (PAD), '" not to be confused with the electrolytic phosphoric acid 
deoxidising (EPAD), previously mentioned. This increase in strength and durability of 
aluminium bonded joints has been accredited to the hydration inhibiting properties of 
phosphate, adsorbed into the anodic oxide and also the increased mechanical 
interlocking due to the etched surface roughness. 118 
Recent work using SAA combined with the post-anodising PAD has found to result in 
only marginal increases in durability. 40 This differs from previous work by 
Arrowsmith"s and Moth'19. It is thought that these differences are attributed to a 
wetability issue produced by increased surface roughness, 120 something Arrowsmith 
and Moth overcame with the use of either a primer or pre-heating samples to be 
bonded. Furthermore, Moth suggested that the effects of mechanical interlocking was 
minimal, as no difference in bond strengths were observed for a range of surface 
structures, when combined with an adhesive primer. 120 
The PAD has also been shown to have varying results when used in combination with 
PAA. 40 Processing time has a major impact on performance, a PAD of 60 seconds 
shows disastrous results, but a dip time of 10 seconds shows improved wedge test 
results compared to standard PAA . 
40 The reasoning behind this can be explained by 
the relatively thin oxide produced by the PAA and the PAD etching excess oxide in 
60 seconds to produce a durable bond. 
61 
Chapter 2- Litcraturc Review K. Ycndall 
2.7.2 Sealing of Anodic Oxides 
Sealing has a number of advantages including providing surfaces with improved 
corrosion and wear resistance and the ability to colour the surface. Standard sealing is 
achieved by exposing a freshly anodising surface to hot water, water vapour or high 
temperature chromated solutions. A full review of sealing of anodic oxides can be 
found by Sheasby and Pinner et al"but the basic principle is that the pores of the 
anodic oxide fill as the aluminium oxide hydrates and expands to what is thought to 
be boehmite (A1203. H20), which closes the pores. 
For sealing in the presence of chromium solutions, the positively charged alumina 
surface in the acid solution, promotes adsorption of hydratedCr04 2- in preference to 
unhydrated dichromate anions. 
The sealing method for the BSAA process is a dilute chromic solution sea], which is 
inconsistent with having a fully chromium-free anodising process. With this in mind, 
Mansfeld and co-works 121 have investigated the possibility of using rare earth metal 
salt solutions of cerium or yttrium salts as an alternative to the dilute chromium 
sealing solution. Other sealants studied were boiling water and a cold nickel fluoride 
solution. These were tested using 2024,6061 and 7075 alloys. They found that two 
different sealing mechanisms were detected. For sealing in dilute chromate the pores 
in the outer oxide layer remained open and were apparently filled with chromate 
acting as an inhibitor, whilst for hot water sealing or sealing in cold nickel fluoride the 
pores were closed by an oxide/hydroxide. 
Sealing of BSAA aluminiurn alloys in cerium or yttriurn salt solutions 121 occurred, 
according to one of the two above mechanisms, depending on alloy type and solution 
composition. Hot water sealing of the BSAA aluminiurn alloy proved to have poor 
corrosion resistance. Based on their experimental results it was concluded that sealing 
in cerium nitrate and yttriurn sulphate solutions provided corrosion resistance similar 
to that of chromate-sealed BSAA Aluminiurn alloys. Values from coating weights for 
BSAA 2024,6061 and 7075 alloys gave oxide thicknesses of 0.67,1.27 and 1.07 gm 
respectively. 
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2.7.3 Priming of Anodised Surfaces 
As previously mentioned, an organic solvent-based primer is often used in 
conjunction with epoxy adhesives. Most adhesives are of a much higher molecular 
weight and greater viscosity than that of a primer and the chances of larger adhesive 
molecules wetting into the fine porous oxide structure of an anodised film is much 
less than that of a primer. On a molecular scale adhesive and primer molecules in their 
monomeric state have diameters ranging from 20 -I OOX. 
46 
The advantages of using a primer is that it immediately protects a newly prepared 
surface from degradation i. e. hydration, organic or inorganic contaminates, and 
mechanical damage. It does this by reducing a very high surface energy area into one 
of low surface energy hence reducing the likelihood of contamination, but still 
remains chemically compatible with the adhesive. However, research has indicated 
that higher drying temperatures can decrease the chemical reactivity of some freshly 
anodised surfaces, depending on the initial reactivity of the oxide produced. 47 
2.7.4 Primer Penetration and Chemical Interactions for Bonding 
The key to long-term joint performance appears to lie with the ability of the primer to 
penetrate and lock into a receptive surface, coupled with the corrosion resistance of 
the underlying thick anodic oxide produced from anodising. 99 A major component of 
the anodised surface is an aluminium oxide with relatively small concentration of 
hydroxide. In the case of CAA the oxide has been reported as quite instable and 
seemed to change to a hydroxide. 27 It was assumed that a higher concentration of 
hydroxide leads to a higher reactively of the oxide layer because it requires no 
opening of Al-O-Al bonds during reaction with an organic molecule. From the 
thermodynamic stability of the aluminium oxides at room temperature, a change to a 
hydroxyl or a hydroxylated oxide, the stable form, should take place. Corundum (y- 
A1203) is only metastable and all other oxides hydrolyse to AlOOH or Al(OH)3- 
Crystallographic data of these oxides does cause problems, as the oxides seem to be 
amorphous, 27 which XPS data can resolve but, as already mentioned, does require 
careful curve fitting. 41 
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As well as filling the pores, the primer improves the corrosion resistance by the 
incorporation of corrosion inhibiting species within the primer. 56 But care has to be 
taken with the primer as it has been shown that too thick an application of primer can 
influence the mode of failure, with thicker layers of primer (10-2mm) producing 
apparent interfacial failure whereas a thinner coverage (10-3mm) tends to lead to 
cohesive failure of the adhesive. 53 Also if an abraded surface is bonded using only an 
epoxy adhesive the surface tends to be too rough and as the adhesive melts and flows 
during its cure cycle, air is trapped between the adhesive and the adherend, as the 
adhesive doesn't fully wet, leaving areas of zero contact once fully cured. 122 
In the search for alternatives to solvent based primers, new water based primers have 
been developed, benefits to these are the low cost, non-flammability, non-toxicity and 
also the advantage of being chromate free. A further variation in the application of 
primers is electro-priming techniques, where the primer is suspended in water and the 
charged metal substrate to be primed, is submerged in the solution. Using this 
technique Reinhart, as reviewed by Kinloch '28 has investigated the possibility of 
forming an oxide layer on the metal substrate while at the same time depositing the 
polymeric polymer layer of the primer. Inspection of this interphase shows the primer 
layer to have penetrated the oxide layer, with good initial durability test results. 
With the use of EELS and TEM, Boeing have shown polymer penetration into the 
pore oxide of a PAA film on 2024-T3 clad alloy so aiding in the mechanical 
interlocking of the primer and the oxide. 55 Similar work by Arayasantiparb, McKnight 
and Libera el a132 using aluminium 1199 concluded that for a PAA porous oxide, an 
epoxy resin fully penetrates the pore structure with little or no entrapment of air and 
such that there are no voids within the adhesive-oxide interphase. 
Work on Ti-6AI-4V (90% titanium, 6% aluminium, 4% vanadium) alloys and high 
performance polymeric adhesives for high temperature aerospace applications has 
studied the pore penetration of this alloy when anodised using CAA, 123 where pore 
penetration had been previously shown using epoxy systems. Using gel permeation 
chromatography, the number-average radius of gyration was found to be 3.6nm, with 
weight-average and z-average radii of gyration of 4.8 and 5.7nm, respectively. 
Concluding that the coiled polymer chain conformation was less than that of the 
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diameter of the anodic pores produced in this investigation, this was also confirmed 
experimentally. In addition the higher molecular weight and more rigid backbone 
structure of polyimides render them less able to penetrate nanometre-scale pores than 
epoxies. 
Workers have also illustrated the penetration of the primer resin in the CAA oxide 
pores up to the oxide-metal interface. This was directly visualised by an energy- 
filtered imaging process using EELS spectrum of the carbon K-edge. 56 An alternative 
method in investigating pore penetration has been with phenolic resin replicates 
which demonstrated pore penetration with a negative morphology of the surface. 31,47 
Investigations into the oxide stability after surface treatments and the effects of 
wiping the surface to deliberately contaminate or damage the oxide, before applying a 
primer and adhesive system has shown little difference in bond durability. However a 
large difference is observed if the primer is omitted, giving further evidence that the 
low molecular weight of the primer helps the penetration of the oxide surfaces. 31 
Staining processes have allowed workers to distinguish the presence of a uniform 
transition layer between the adhesive and primer interface. This layer of finite 
thickness, constitutes what is termed as an interphase, and is incorporated in much of 
the current understanding in the field of adhesion. It demonstrates a mutual diffusion 
of two base epoxy molecules across an interface and it is thought that this interphase 
plays an important role in adhesive bonding since this region would probably have 
chemical, physical, and mechanical properties different from those of the individual 
primer and adhesive phases. 56 
To summarise this section, it is apparent that the role of the adhesive or primer to wet 
the substrate and penetrate the surface to be bonded is one of the key important 
factors controlling bond strength and durability. From the above it is unclear as to the 
true role of surface macro-roughness on the performance of bonded joints as too 
rough a surface limits wetting but too little also limits the surface area to be bonded. 
On the other hand the nano-scale surface roughness, which in the case of anodised 
surfaces is relevant to pore size, appears to play a significant role in the penetration of 
a primer to aid mechanical interlocking and maximise the surface area to enhance 
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chemical bonding. An optimised, prebond process for aluminiurn would therefore be 
expected to have a relatively thick oxide but with porosity of such a dimension that 
primer penetration is possible. 
2.8 Mechanical Testing 
To fully evaluate a bonded system, no single mechanical test method is sufficient. 
Instead, a number of different test methods are necessary to gauge the relative 
durability of both the materials and processes used. 124,125 Test methods for the 
evaluation of bonded joints can be broadly classified into either strength tests or 
fracture tests. 19 Strength tests are assumed to be without any initial flaws or debonds 
and in most cases the results are reported as the maximum failure load divided by the 
cross-sectional bonded area. This is where concerns lie in the interpretation of this 
type of joint and in particular how complex stress fields are distributed within the 
various joint configurations and how this affects the maximum failure loads. 125 
Examples in this class include lap shear, butt, and cleavage. 19 
2.8.1 Test Conrigurations 
Fracture specimens can be subdivided into beam, blister, and peel, all of which 
fracture mechanics can be applied to. The determination of critical values such as the 
strain energy release rate, which has units of energy per unit debond area are possible. 
Examples of some of these test geometries are illustrated in figure 2.11. Fracture 
specimens contain intentionally induced debonds, which propagate upon loading. The 
initiation and growth of these flaws under various loading and environmental 
exposures provides information, which is claimed to be useful in the prediction of 
service life performance. The theory of fracture mechanics assumes that real joints 
will develop flaws and this method evaluates whether the flaw will remain stable, 
propagate or instantly debond. 125 
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Figure Z11 Test geometriesfor evaluating adhesivefracture energies 
The strength of a bonded joint depends on the strength of the adherend, surface 
treatment/oxide layer, primer, and adhesive, as well as all the associated interface or 
interphase regions. Failure of such a chain of components is dependant on the strength 
of the weakest link. It should be noted that for any mechanical testing, it is this system 
of components that is under test and not a single varying parameter of any one of 
these individual components. To assume that for one set of components, which the 
system works well in, that it will work for all other sets of components of a similar 
type with the weakest link remaining constant would be incorrect. 
Selecting an appropriate fracture specimen depends upon a number of factors, 
including the desired fracture mode, the test environment, and the nature of the 
adherends and adhesive used. Development of the fracture efficiency parameter 125 
offers a method to compare different test geometries in order to determine which test 
method is most suited to the particular system under investigation, without excessive 
yielding or rupture of the adherends. The fracture efficiency parameter is defined as; 
a0 
2 
Mal 
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This represents how much energy release rate, Ga certain specimen design can 
produce along the bondline for a given maximum non-singular stress a., in the 
adherend. A test specimen design with a high fracture efficiency parameter is more 
likely to cause debonding without yielding or rupturing. Alternately, yielding is more 
likely to occur if the fracture efficiency is low, and therefore, the measured fracture 
toughness may be in error if yielding is not properly accounted for. 
2.8.2 Standard Methods of Testing in Aerospace Applications 
Testing of aerospace joints is commonly carried out with the use of single lap-shear 
(SLS) testing, peel testing and exposure of unstressed lap-shear specimens to various 
environments before testing. It was found by Boeing" that these tests did not replicate 
the type or consistency of failures found in real service joints. With peel tests capable 
of determining only gross deficiencies in surface preparation and only lap-shear 
specimens exposed for extensive periods of time, while under load showing the same 
replication as in-service bonded panels. Using Fickian diflusion models, it can be 
shown that for bonded joints, exposed to water, it can take many years for the test 
specimen to reach equilibrium, or saturation. 126 Aluminium-to-aluminium epoxy 
bonded lap shear joints, made using pretreated substrates, have been shown to last in 
excess of nine months under a sustained stress of 3 MPa when exposed to 100% RH 
at 42-48*C. 81 
As mentioned above, the failure of SLS joints is usually expressed as a stress that 
represents the failing load divided by the bonded area. In the case of the performance 
of durability for these joints, and for that matter most other joint configurations, it is 
measured either by a decrease in joint strength with exposure time or by the time-to- 
failure. 127 
SLS joint testing is one of the simplest joint configurations and also one of the 
cheapest for process control and in the evaluation of processing variables. A major 
disadvantage of the SLS configuration during loading is that the substrate can undergo 
severe bending which results in the applied strain not being equal over the length of 
the bonded area. This causes the shear stress to be higher at the ends of the bonded 
area, perpendicular to the applied load and be reduced near the centre, of the bonded 
68 
Chapter 2- Literature Review K. Yendall 
area. This can be seen in figure 2.12, where four stress distributions are represented in 
a qualitative manner as the load increases from IP to 4P, showing that the shear stress 
is never as simple as the load divided by the bonded area. 126 
11 
I, 
Figure Z 12 Load transfer through a bonded single lap shearjoint 126 
A further review paper highlights the dissimilar results found by various authors when 
using the stressed SLS joint configuration, 3 with some reporting considerable 
differences in durability while others reporting limited diversity for a range of surface 
pretreatments to bonding. On the other hand, for a long time now it has been know 
that testing bonded joints under a sustained stress while simultaneously exposing the 
specimens to warm/wet environments results in failures of the bond at stresses far 
below the ultimate stress measured at the exposure temperature. This type of stressed 
durability test has been claimed to be capable of emphasizing differences in 
performance between adhesive systems and various surface process parameters. 124 
Figure 2.13 shows the three main methods for evaluating peel strengths. Generally, 
designers and materials engineers see peel tests as a measure of toughness. It is with 
this viewpoint that new adhesives have been developed with increasing peel strength, 
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which are thought to contribute towards improved service performance. In reality, 
these higher peel strengths are a trade-off for higher temperature performance and 
environmental resistance, particularly with water exposure. 
0) 
IN (C) 
Figure Z13 Various methods ofPeel testing, (a) Climbing drum, (b) "T'ýpeel, (c) Bell 
orfloating roller peel 
It is known that peel specimens are less affected by environment exposure than 
double-lap shear joints. One explanation of this phenomenon is that for double-lap 
shear joints, failure initiates at the edges of the overlap, where the maximum stresses 
are located and also where high water concentrations build up quickly. Due to the 
joint configuration and stress and strain distributions with peel specimens, in order to 
affect peel strengths significantly high levels of moisture have to diffuse across the 
entire sample width, which can take as long as 6 years of exposure for some 
adhesives. 128 
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Contradictory evidence by, Gersappe et al 129 using molecular-dynamic simulations 
has proposed that the transition from adhesive to cohesive failure does not correlate 
with the onset of complete wetting of the adhesive. In this work the location of failure 
was determined by the local yield stress in the early stages of rupture. Further to this it 
was found that the location of failure is independent of both temperature and polymer 
length, and so interfacial entropies do not influence the mode of failure. 
2.8.3 Load Transfer in Joints and its Effects on Testing 
In an adhesively bonded structure there are three basic modes by which loads can be 
transferred between members: 
Mode I- opening or cleavage 
Mode II - In-plane, edge sliding or forward shear 
Mode III - Anti-plane, tearing or sidewise shear 
These are illustrated below; figure 2.14. 
,e Ole 
Figure Z14 Modes of loading a bondedjoint, (a) cleavage, (b) In-plan, and (c) 
Antiplane 
Normally load transfer, in bonded joints are designed to be in shear (Mode II). In 
practise the loads are usually transferred through an eccentric load path and as a result 
there is always a Mode I component at the load transfer edges. 
Initial studies by Boeing seemed to suggest that Mode I loaded test specimens gave 
better correlation to characteristic in-service failures. In addition, these tests showed 
similar variability to those seen in in-service failures, where failure did not occur in 
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all cases. As a result of this, for any sensible results to be taken from testing, a number 
of specimens are evaluated simultaneously and an average taken. 64,20 Together with 
the wedge test for mode I loading a number of other test configurations have been 
studied for their predictability of in-service durability and are reviewed by Dillard and 
Yeh-Hung Lai. 125 
2.8.4 Developments of the Wedge Test 
The purpose of the double cantilever beam (DCB) configuration is to subject the 
bondline to Mode I loading by applying a load, normal to each end of the beam, 
assuming that the beam is thick enough so that all the strain is elastic then all the 
strain energy created by the applied load is stored in the bending beam. By knowing 
the applied load and the distance from the applied load to the crack tip, the strain 
energy release rate, G can be calculated. C31 is related to the stress intensity factor, Ki 
used to define the force at the crack tip in homogenous materials, i. e. metals. This is 
shown in the following relationship : 64 
K, 
E 
where E is the modulus of elasticity. 
(8) 
Taking into consideration a uniform DCB, GI can be calculated from the following 
equation: 64 
GI = 
p2.2 [3(a + 0.6hy + h2l (9) 2b 3EI 
where: 
p= applied load, Ib b= specimen width, in 
h= beam height, in a= crack length from p to crack tip, in 
E= adherend modulus, psi I= beam moment of inertia, bh3/12 
0.6h = correction factor for rotation about crack-tip (determined experimentally) 
Q= strain energy release rate. 
By measuring the displacement at the load point, it becomes unnecessary to measure 
the load to calculate C31 using the following expression: 64 
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Gl -y2 
EH 3 [3(a + 0.6hy 
2h2 
16[(a + 0.6hy +ah 
where y= displacement at the load point 
Following this if the displacement, y is kept constant by inserting a spacer or using 
bolts to separate the two ends, then a simplified self-contained stressed test specimen 
results. A point with this test configuration is that as the crack grows with constant 
displacement, Q decreases, which gives the potential of defining a "threshold" value 
of Q for a given set of conditions. 
As indicated above the wedge test is a derivative of the DCB, first adapted by Ripling 
and Mostovoy and reviewed by a number of authors. 130 Its use, for the evaluation of 
surface preparation, process control, process development and service performance 
was later developed by Bethune. Further development of wedge test came from 
Boeing as a quick, easy and inexpensive method for the evaluation of good or poor 
bond durability in the control of variations in surface preparation prior to bonding. It 
was the key testing method used in the evaluation of PAA by Boeing. The testing 
method for the wedge is covered in detail in the Erperimental Procedures chapter, but 
the simplified method is to drive a metal spacer or wedge between two bonded strips, 
measure the initial crack length, ao. then expose to a predefined environment for a set 
period of time, remove and measure the crack growth, Aa, afler exposure. 
The wedge test can produce some very useful results in the evaluation of durability of 
bonded joints, however, care must be taken in both the experimental procedures and 
interpretation of results. It has been shown that driving the wedge between two 
bonded adherends causes the metal to plastically deform and can change the stress 
distribution at the crack tip. 130,13 1 This resulted in the practise of leaving aI inch un- 
bonded strip along an edge of the bonded assembly to insert the wedge into. Also the 
wedge, once inserted can slip, relaxing the stress being asserted. A suggested method 
to prevent this is to drill a hole through the wedge and the end of both adherends such 
that once the wedge has been driven into position a pin can be inserted through the 
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adherends and the wedge and so holding it in position and preventing slipping. 
132 
Despite this obvious failing of the test, few researchers have adopted this method. 
The wedge test can be misleading if rankings are made on crack extension (Aa) alone. 
For example, consider two joints, one with low dry peel strength and the other with 
high dry peel strength, but both having the same wet peel strength. For the joint with 
poor dry peel strength, the initial crack, ao will be longer than that of the joint with 
high peel strength, also Q will be lower for the joint with low peel strength. When the 
joints are exposed to humid conditions for both joints the cracks will extend to the 
same Gi value. If the durability of the two joints are rated with crack extension Aa, the 
high dry peel joint will be rated lower as Aa will be larger. If these joints were rated 
by ao + Aa their durability will be rated as equivalent, as they should be. 132 The above 
argument has also been highlighted by Digby and Packham 40 as they compare results 
of crack extension to that of strain energy release rate and suggested that this provides 
a more complete picture of what is really happening. Further to this, work has shown 
that there is poor correlation between initial crack length, therefore Q, and lap shear 
strengths. 132 Also there is little correlation between Aa values at I hour and 24 hour 
exposure, but there is a much better correlation between I hour and 24 hour if ao + Aa 
values are used. An important piece of information often neglected in wedge test data 
is the mode of failure, which needs to be recorded for complete evaluation. 
In connection with aerospace adhesive systems the wedge test has been reported to be 
unable to detect marginal differences in the adhesional stability of metal bonds 
produced by using hot-curing adhesives with corrosion-inhibiting primers and when 
using chemical surface treatments such as chromic-sulphuric acid etching or 
anodising of aluminium alloys. 31 Wet peel testing has shown the sensitivity needed to 
distinguish these variations in bond durability. 133 For example, a study to investigate 
the role of the CSA etch, in the CAA 40/50V process used the wedge test and wet 
peel test methods. Wedge testing showed no variations in crack propagation when 
comparing the production process to either a process with an alternative HN03 stage 
or a process with no desmutting stage at all. However the wet peel test showed only 
alkaline degreasing without subsequent chromic acid etching before anodising was an 
insufficient treatment system for the durability of bonded joints. 133 
74 
Chat)tcr 2- Literature Review K. Ycndall 
The effects of a corrosive environment on the joint durability have been widely shown 
for the wedge test. Values within the literature for CAA wedge specimens exposed to 
high humidity (90-100% RH) and elevated temperatures (50-60*C) in a neutral 
environment (deionised water) show a crack propagation in the order of 1-3 mm. 
Whereas, if similar joints are exposed to a highly corrosion environment such as 
immersion in 3.5% NaCl at 50'C then crack lengths are in the order of 5-7 mm. 53 
An investigation into the critical elements for stress corrosion durability with the 
wedge test using 2024-T3 clad alloy bonded to 7075-T6 bare alloy and pretreatments 
of FPL etch, PAA, and a low voltage phosphoric acid sodium dichromate anodising 
process, found that the use of an adhesive primer was the major influencing factor in 
the bonded system 134 thought to be due to chromates within the primer inhibiting 
galvanic corrosion. A thicker oxide layer also contributed to the durability of the 
bonded joint and for 7075-T6 bare alloy, produced more durable bonds than that of 
2024-T3 clad alloy. However care has to be taken in direct comparison of these alloys 
as differences in tensile strengths will affect the results. Other work has shown that 
the cladding on 2024 alloy effects the bond durability using wedge testing in a 
corrosive environment, were as for 7075 alloy the cladding has little influence on joint 
performance. 53 
2.8.5 Non-destructivý Testing 
Non-destructive tests used for the assessment of individual bonded joints include: 
ultrasonic shear wave, which assesses the variation in bond strength along the bond 
lines and includes the detection of disbonds, low-voltage X-ray inspection and 
neutron radiography for seeing voids and porosity in bonded panels. 124 Another 
method includes ultrasonic measurement of glue line thicknesses using a 
Novascope. 16 A more novel approach includes high frequency dielectric techniques 
for monitoring changes in adhesive moisture uptake. 135 
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2.8.6 The Prediction of Service Life and Fracture Mechanics 
Of current interest is the lifetime prediction of in-service bonded joints from 
experimental test data. Early work has shown that lap-shear and peel test results do 
not predict service durability performance and wedge testing only shows a reasonable 
correlation between service panels and exposed test specimens. 124 
This is where fracture mechanics plays a role, but concerns have arisen in the study of 
fracture mechanics, in that the science behind the studies is not based on a 
construction but is based on a monometallic (or monoplastic) specimen with a crack 
that is being driven by a force, assuming stress concentration at the crack tip. 
Furthermore for the crack to stop moving, there must be a plastic zone at the crack tip, 
while the rest of the metal is strained inside its elastic limit. The size of the plastic 
zone can be calculated using values of G, the tensile modulus and the yield stress of 
the material. When the plastic zone is calculated, it is huge in comparison to the 
bondline thickness, see figure 2.15 and so does not meet the requirement of a plastic 
zone at the crack tip. Additionally the exposure of a pre-cracked specimen is 
questionable, as the glue line has already been strained to beyond yield and any 
further crack extension or degradation rate of such a glue line may be faster than that 
of an unstrained specimen. This can be demonstrated experimentally 126 by taking two 
identical prepared specimens, the first one loaded and cracked to G.,,,, t, and the crack 
length distance, a measured. If the second specimen, not loaded has the bond removed 
the same distance, a, and the specimens are then loaded/reloaded to G"iti,. 1 while 
recording the loading force versus tension strain at the crack tip, then damage caused 
by the previous straining on the first specimen is reflected by its stiffness, which can 
be as much as half that of the second specimen. From this it can be seen that the study 
of facture mechanics can be subject to some misleading variables and values. 
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Figure 2 15 Theoretical plastic zone at the crack lip qfaftacl lire mechanics 
specimen 
2.8.7 Environmental Joint Testing 
Five main types of environment that bonded joints are subjected to are; temperate - 
usually near industrial areas with lots of airborne pollution; desert hot, dry 
conditions; semi-tropical - hot. humid jungle conditions; marine - corrosive, wet, 
salt-spray conditions; and arctic cold, wet conditions. Also aerospace SIILIItIOIIS Call 
be a complex combination of a number of the above, with variations in temperature, 
humidity, and pressure due to ground-air-ground cycles ofactual flight conditions. 
Temperature and humidity values for the evaluation of the wedge test arc of'critical 
importance. It has been shown that to some degree, increasing test tenipci-alul-cs will 
both speed up and increase the magnitude of the crack growth. But care has to he 
taken as it is known that a certain type of aluminium oxide, Bayerite 01,0.3.311,0) 
11orms when aluminium is in contact with water at temperatures below 70 - 90'C, a 
ditTerent form of oxide, Bochi-nite (Al-, 031120) begins to t1orni above 60"(' and 
becomes the dominant form of oxide at higher temperatures. Due to (his, Many 
workers have chosen 60T for their exposure investigations such that the results in 
testing are reasonably rapid but favour fracture processes that are representative of' tile 
chemical reactions occurring In real life service. This theory has previously been 
shown to work in the case of the wedge test. 13(' It has also been questioned the actual 
humidity that the crack in the specimen experiences when it is subjected to less than 
100% RII. Any fluctuations in temperature can cause a momentary increase in 
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humidity to the point where water vapour condenses and liquid can be drawn into the 
crack. Once deep within the crack the water will be unable to evaporate and will 
remain for the duration of the test. In order to avoid this uncertainty, and produce a 
more controlled test environment 100% RH has been established as the test humidity 
for work using the Boeing wedge test. 
There are a number of known mechanisms for water/humidity to change the physical 
properties of bonded joints. The first is a swelling process, caused by the diffusion of 
water molecules into the adhesive itself This causes a decrease in tensile strength and 
in turn, an increase in the plastic deformation properties of the polymer and therefore 
a higher peel resistance. 
The presence of a weak boundary layer within a adhesively bonded joint has been the 
topic of many papers over the past 40 years 22 and although a number of workers have 
established the existence of a weak boundary layer, for example, as a result of surface 
contamination, the occurrence of this layer can not be assumed for all joints that 
exhibit low joint strength and still remains an area for debate. 22 
A further mechanism is the capability of water molecules to diffuse into the interfacial 
boundary zone, destroying the adhesion between the adhesive and the metal surface, 
often referred to as hydration of the alumina on aluminium. For long term 
environmental durability it has been suggested for some time, humidity and resistance 
to hydration of alumina plays a key role in the durability of bonded aluminium joints. 
Marceau observed the resistance to hydration of oxides formed in phosphoric acid and 
Venables discovered the use of phosphonates as hydrogen inhibitors which improved 
the durability of adhesively bonded aluminium pre-treated with FPL etch. " 8 
Failure mechanisms discussed in the literature for abraded substrates and chemically 
treated surfaces for bonded joints do vary for the above proposed failure mechanisms, 
using an epoxy adhesive. Bonded, abraded surfaces provide an easy route for water 
ingress from a surface roughness point of view but for chemically pre-treated joints 
the dominant diffusion path is thought to be through the adhesive matrix itself In all 
cases attack originates from the edge (most obvious for clad alloys). For chemically 
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pre-treated surfaces failure has been found to be at the adhesive/adherend interface, 
despite the ingress of water through the adhesive matrix itself Proposed bond 
deterioration caused by weakening of Van der Waal forces across the 
adhesive/adherend interface, from water ingress through the adhesive matrix is 
thought to account for this phenomenon. Also suggested is hydration, as mentioned 
above, such that a build up of water within the anodic pores, which have not been 
fully wetted, causes an undermining of the anodic film from a transform of the 
alumina to a relatively voluminous hydrated material i. e. AIOOH and AI(OH)3. Of 
consequence to this is if water should be present in the pore volume then this would 
allow direct assess of moisture to the metal via flaws in the barrier layer/substrate. 
Despite these theories no evidence has been found to suggest failure through the 
alumina film. 122 
2.8.8 Fatigue and Cyclic Testing 
A continuation of environmental testing in various test conditions is cyclic exposure 
conditions. Boeingýo first experimented with cyclic load testing with the use of thick 
adherend lap-shear joints and DCB specimens. They investigated three cycle rates and 
found that although the highest cycle rate produced the quickest failure time, it was 
the slower cycle rate that caused failure with the least number of cycles, in other 
words the slower rate was more damaging per stress cycle then the faster rate. This 
was explained in terms of creep within the adhesive itself For lower frequencies the 
adhesive has time to creep with an increase of strain in the adhesive due to the creep 
loads and resulting in failure after relatively few cycles. From the higher frequencies 
the adhesive is not under load long enough to suffer significant creep, hence can 
withstand a greater number of cycles. An interesting result to come out of testing with 
the cyclic loading of DCB was that some CAA specimens exhibited a significant 
crack extension or jump after reaching their apparent threshold value. It was 
concluded that the CAA specimens were susceptible to cohesive failure near the 
primer/oxide interface, due to complex interactions when applied stresses and 
environmental conditions are applied. 20 
It is important to point out that although the above highlights the problems associated 
with cyclic loading and premature creep failure with lower frequency loading, with 
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actual in-service bonded assemblies a much greater overlap than test specimens is 
incorporated into aerospace design structures and so only the edges of a bonded joint 
will suffer creep strains while the remaining central region will only experience 
elastic strains, which the bond area will recover from when unloaded. This 
emphasises the importance of good joint design for actual in-service bonded joints. 
Also cycle rates of in-service condition need to be considered, for example a cycle for 
pressurization of a fuselage would take several minutes and a similar time period to 
depressurize. This real life cycle rate needs to be reflected in any testing 
parameters. 124 
There is a need to consider static fatigue as a result of creep over large periods of 
time, this leads on to a parameter set as an 'endurance limit, which is defined as the 
applied stress below which joint failure will not occur. There is some disagreement 
between theoretical and experimental considerations as to whether or not such a 
parameter exists. 19 
While considering cyclic fatigue failures, a consequence of thermal effects needs to 
be taken into account with materials such as polymeric adhesives, which are 
viscoelastic. Thus inelastic deformation energy will be dissipated as heat resulting in a 
rise in temperature that can exceed the glass transition or crystal melting 
temperatures. This can effect joint failures as a result of excessive plastic deformation 
or have an opposite effect in that the increase in temperature can lower the yield stress 
within the adhesive and cause blunting of the crack tip of a dynamic fatigue specimen, 
improving the mechanical fatigue resistance. 
In addition, moisture can initially improve some more brittle adhesives, especially if 
failure is predominantly cohesive. This can be explained, as the additional moisture 
will tend to moderately plasticise the adhesive and reduce the stress concentrations at 
the ends of an overlapped bonded joint. This is most relevant to lap shear joints. 
However, this effect will not be large at room temperature as it would be well below 
Tg of most adhesives. Also consideration of the ultimate tensile strength (UTS) needs 
to be addressed as this usually decreases with increased absorbed moisture. 128 
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It is still unclear as to the effects of cyclic stress on adhesive bonds. One explanation 
for reduced time to failure may be that cyclic loading has the effect of pumping water 
either along the interface or through the adhesive. The opening and closing of cracks 
during cyclic loading is also likely to promote crack propagation and rapidly 
accelerate the failure of already weakened joints. 81 However, it is widely accepted that 
the three main factors affecting the lifetime and type of modes of failure are the 
frequency of cyclic loading, the magnitude of the load and the test environment. As 
suggested earlier the key to adhesive joint testing is not only the evaluation of initial 
joint strength or joint durability but also in the service life prediction of adhesive 
jointS. 28,133 Levi has proposed a model for the estimation of joint lifetimes based upon 
a comparison of stressed and unstressed durability data with joints exposed to hot 
water ageing. 136 
Studies so far have only indicated the potential for comparative durability testing 
using cyclic load systems, the main advantage being they are a more rapid method 
than unstressed or static loaded durability testing" the disadvantages being the cost of 
the test equipment and the relatively long time the testing is carried out for. 
A number of studies reviewed 31,36 have concluded that, static loaded SLS joints only 
indicate the mechanical behaviour of the adhesive and do not give any insight into the 
adhesion behaviour of the treated joints. 
In conclusion, for joint testing involving exposure to elevated temperature care should 
be taken, in that realistic service conditions must be taken into account, the same can 
be said about fatigue testing. Both creep under load and relaxation, need to be true to 
service conditions. The load and cycle rate have to be carefully considered, as 
increasing these factors, can induce different failure modes in the same test 
parameters. In other words attempts to reduce test time by using high stress levels 
and/or testing in aggressive environments often produce misleading information, i. e. 
"you can't create a chicken by boiling an egg! ". 
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2.8.9 Fracture Mechanics 
Continuum facture mechanics is the study of the strength of a material which contains 
a flaw . 
2" Two criteria are used for the theory of fracture mechanics, firstly Irwin found 
that the stress field around a crack could be uniquely defined by a parameter named 
the stress-intensity factor, K, and stated fracture occurs when the value of K exceeds 
28 some critical value K,,. Secondly, the energy criterion arising from Griffiths and 
later, Orowan's work, which supposes that fracture occurs when sufficient energy is 
released (from the stress field) by growth of the crack to supply the requirements of 
the new fracture surfaces. 2" The energy released comes from stored elastic or potential 
energy of the loading system and can, in principle, be calculated for any type of test 
piece. This approach, therefore, provides a measure of the energy required to extend a 
crack over unit area, and this is termed the fracture energy and is denoted by G, The 
Griffith equation states that the fracture stress is proportional to 
/ý 
ýcracl-le-n-g7hý 
and thus a small increase in crack length has a considerable effect on fracture stress. 
Kinloch et aP8,137 has taken a fracture mechanics approach in the cyclic fatigue 
behaviour of adhesively-bonded joints with the use of a tapered double cantilever 
beam (TDCB) joint configuration, figure 2.16a, originally developed by Mostovoy, 
Ripling and co-workers . 
28The advantage of this type of joint configuration is that the 
system has a constant-compliance geometry, which results in the adhesive fracture 
energy being independent of crack length, unlike the Boeing wedge test. In the case of 
work by Kinloch the use of this method makes use of mode I cyclic loading and 
measures the rate of crack growth per cycle da/dN, as a function of the applied range 
of strain-energy release rate, AG, with units Of j. M-2 . The crack growth 
is related as 
f IIOWS: 137 0 
da 
=AfäG dN (11) 
where Af and q are constants. Crack growth rates are found to decrease to very low 
values as AG approaches some limiting threshold value, Gth, and to increase to very 
high values as AG approached the typical value of the adhesive fracture energy, Gc, 
for crack growth under short-term monotonic loading conditions. Plotting a graph of 
crack growth rate per cycle, da/dN, versus the maximum value of the strain-energy 
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release rate, G,,, a,, has been shown to exhibit a sigmoidal shape, figure 2.16b, where 
three regions are present. Region I is a threshold region, associated with very low 
values of da/dN and Gma,,. Region II which is linear and region III where values of 
G.. starts to approach that of G,,. Work by Kinloch with the use of TDCB has 
investigated a number of different adhesives and adherends combinations with various 
surface pretreatments for applications both in the automotive, aerospace and military 
industry. 137 For aluminium. alloy substrates pre-treated with CSA etch, the locus of 
failure for bonded TDCB joints has been found to change from, totally cohesive 
failure when dry tested, to an interfacial fracture along the adhesive/substrate interface 
28,137 for warm, wet test conditions. Further to this, values of Gth are reduced when 
warm wet conditions are applied. The claimed advantage of the TDCB test is that the 
test can be completed in a matter of a few weeks and does not require the use of 
unrealistically high temperatures or applied loads in order to accelerate the 
mechanism of fracture, unlike previously mentioned accelerated testing methods. 
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Figure Z16 (a) Tapered double cantilever beamjoint conjiýguration and (b) plot of 
crack growth rate versus the maximum strain-energy release rate 137 
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2.8.10 Finite element analysis 
Finite element analysis (FEA) techniqueS138 combined with theories from fracture 
mechanics are used to model the stresses and strains within various joint 
configurations, with a view to understanding factors such as the residual strains 
introduced by shrinkage during curing of adhesives and the load characteristics 
between adhesives and adherends in the loaded condition, this type of computational 
modelling has also been used in the prediction of failure criteria and fatigue life. 119 
However, difficulties in modelling real constant strain rate and creep data using FEA 
of simple epoxy systems has limited this approach and further research in this area is 
required. 140 Further to this, direct measurement of these stresses and strains using 
neutron diff-raction has cast doubt on curtain aspects of finite element models, 141 in 
terms of predictions for tensile stresses caused by adhesive curing proposed by 
Adams. These predictions are based on tensile stresses which are uniform in 
magnitude along the central region of the joint but decrease towards the joint edges, 
neutron diffraction shows non-uniformity along the central region and appears to be 
tensile in the centre and compressive near the joint edges. 
Additionally, recent studies have shown a variation in polymer properties close to the 
interface, both chemical and mechanical. Such properties are not modelled in current 
FEA packages. Furthermore, FEA analysis does not take into account the influence of 
localised geometry, within joints. 
2.9 Corrosion Mechanisms 
A number of electrochemical techniques can be used for the evaluation of corrosion 
rates of untreated, anodised and coated aluminium. 142,143 The literature, in general, 
comments on the difficulty in corrosion testing and interpretation of the various 
results. 
Electrochemical studies of corrosion fatigue have shown differences in the corrosion 
potential, E,,,,, of untreated and anodised aluminium alloy, while under testing. The 
authors claiming this technique to be useful in the determination of the corrosion 
fatigue life of structural aluminiurn alloy parts. 144 
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In terms of corrosion protection there are two types of inhibitors; passivators and 
pickling inhibitors. Passivators shift the E., to a more anodic value, which is 
measured by the open-circuit potentials of the freely corroding alloy, usually in NaCl 
solution. In the case of pickling inhibitors, which do not alter the corrosion potential, 
they do reduce the corrosion rate by adsorbing on to the surface causing a reduction of 
the active centres on which the metal is dissolved while W ions are discharged. 86 To 
determine corrosion rates, I., techniques such as electrochemical impedance 
spectroscopy, potentiodynamic polarisation, or weight loss measurements need to be 
utilized. 145 
2.9.1 Electrochemical Impedance Spectroscopy 
Although electrochemical impedance spectroscopy (EIS) is not used in this study it is 
a well recognised and utilised technique for the investigation of corrosion of 
aluminium and its alloys, and as such it is worth mentioning since a number of 
relevant findings to this study have been found using this technique. 
EIS studies the impedance of a sample nominally at open circuit potential, often in a 
3.5% NaCl solution for varying a. c. frequencies. From this, Nyquist plots or complex 
plan diagrams can be drawn, where equivalent circuit models can be produced which 
contain some common values such as: electrolyte resistance, a charge transfer 
resistance, which is a property of the surface to move electrons across an interface; 
and finally either a global or double layer capacitance. 
Cohen el a/88,146has used EIS to study 2024 and 7075 aerospace alloys, pretreated 
with a number of surface treatments such as thin-film sulphuric acid anodising, 
chromic acid anodising and silane-based pretreatments, prior to being painted with 
epoxy primer. The author found that a model involving four time constants fitted the 
data most accurately relating to the polymer coating, the porosity of the polymer 
coating, the reactions between the polymer coating and the pretreated surface and 
finally the nature of the pretreatment itself In this work with EIS it was suggested that 
the sealing did not 'plug' up the pores but "coate' them with oxide or dichromate, 
depending on the sealant solution. " 
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EIS work on zinc impregnated phosphoric and boric acid anodised surfaces has 
modelled equivalent circuits for anodised aluminium. alloys with the use of a solution 
resistance, Rs,,,; porous film resistance, Rp,,; porous film capacitance, Cp,; solution 
resistance in the pores, Rp; solution capacitance in the pores, Cp; barrier layer 
resistance, Rb and; a barrier layer capacitance, Cb- 147,148 A schematic of the structure 
of an anodic film with the EIS model superimposed is shown in figure 2.16. Further 
work with sulphuric acid anodising has studied both the sealing and aging effects of 
aluminium, oxide films. These processes complicate the proposed models as it can be 
unclear how they effect the pore structure, i. e. if the pores fully fill with aluminium 
oxide or if the pores openings are capped with oxide, both of which drastically effects 
the structure to the EIS models. Despite this EIS has been shown to be much more 
sensitive than standard sealing quality control tests. 149-151 In addition Treacy et al 72 has 
shown EIS to be a more accurate method for determining the onset of corrosion, than 
visual observations from salt fog exposure for untreated and chromate-passivated 
treatments. 
_:;:. z --- )(2so, Intermediate layer 
Hydrated 
alumina 
Anhydrous 
alumina 
Barrier 
layer 
Figure Z16 Schematic ofan anodised oxide with EIS model superimposed 149 
Finally, Davis and Harkless et al'52 have developed a method for monitoring the 
moisture ingress of adhesively bonded repair patches using an EIS electrode probe, in 
order to provide an advanced warning system in the event of reductions in bond 
strength of adhesive joints. 
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2.9.2 Industrial Evaluation of Corrosion Performance 
Standard procedures used in industry for the evaluation of corrosion performance 
include neutral salt-spray testing and filiform. corrosion. Both these techniques have 
been compared to electrochemical studies with varying degrees of correlation. 153 
Under salt spray conditions, on very stable oxide joints a time period up to 3 00 days 
or longer has been suggested as being required to effectively investigate bondline 
corrosion. This often originates at the edge of a specimen or at a point defect. It is this 
long time period that has limited the development of adhesive systems with improved 
bondline corrosion performance. The development of methods for speeding up this 
type of corrosion testing for research purposes has met with limited success. 133 
On the other hand, untreated 2024 aluminium alloy has been found to have a 
relatively high corrosion rate, attributed to galvanic corrosion between the bulk 
aluminiurn and the copper-containing secondary phase particles present in the alloy 
matrix. Studies have shown that the influence of chloride ions on the intergranular 
corTosion of Al-Cu alloys is not due to a difference in corrosion potentials between 
grain boundary and grain bodies, but to a difference in the breakdown potentials of 
these phases. 154 Other investigations have shown that the anodic nature of the grain 
boundary region can attribute to high concentrations of solute atoms in these regions 
as compared to grain interiors. 154 In comparison the corrosion resistance of alloy 
FVS0812 (8.5%Fe, 1.7%Si, 1.3%V) has been shown in standard salt fog exposure to 
be better than that of 2xxx and 7xxx series alloys, with further improvements in 
corrosion resistance being possible with the use of anodising. 34 
Pitting corrosion can be characterised by two stages; a nucleation stage, during the 
breakdown of the passive film, and a subsequent propagation stage, during which pits 
grow. The presence of chloride ions has been found to have a linear correlation with 
the mean pit propagation rate for both 2024-T351 and 6056-T6 alloys. 
155 
In the case of unsealed BSAA anodised alloys, in salt spray, degradation has been 
observed to be caused by the high population density of flaws and easy access of 
chloride ions, by transport down the open pores, to the flawed regions of the barrier 
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layer, with subsequent access to the metal surface leading to the initiation of pitting. 94 
In contrast with the CAA, it was suggested that if the chromate ions were available in 
the vicinity of the barrier region, caused by residuals from anodising in chromic acid 
or sealing of the film in chromate solution, flaws could have been healed by the local 
reduction of Cr-'6 probably resulted in hydrated Cr203, which would inhibit the 
cathodic process. The Cr-'6 species, at the anodic sites, may also assist in repassivation 
of the local region. 94 
2.9.3 Polarisation Experiments 
A large number of polarisation experiments have been carried out on aluminium and 
its alloys from various aspects of research, which include Al-batteries applications, 156 
alternative inhibitors to chromium, 86 corrosion behaviour of aerospace alloys, 154-158 
and modern Al-Li alloys, 15" however, limited work has been carried out on the 
corrosion characteristics of anodised aluminium alloys. 103,147,160 
It is well known that aluminium and its alloys exhibits passivity in water within a 
certain pH range (4 to 9). It also corrodes at low and high pH to form A13+. In the 
presences of chloride ions, passivity breakdown occurs in the form of pitting, both in 
the anodic and the cathodic regions. This type of corrosion is observed at the pitting 
potential, Ep. 86 
Studies of the local pH of aluminium surfaces during polarisation, show an abrupt 
decrease towards acidity in the anodic direction and a sudden increase in local pH 
towards alkalinity for cathodic polarisation, until passivity breakdown where 
conductivity of the bulk reaches a maximum or minimum for cathodic and anodic 
polarisations, respectively. 161 This can be explained by the following, for cathodic 
passivity breakdown, at the oxide/solution interface a charge separation takes place. 
At the corrosion potential the net charge on the oxide is positive, therefore to maintain 
electrical neutrality, negative ions in the form of Cl- and Off are adsorbed at the 
interface. With the supply of electrons (cathodic polarisation) the number of positive 
charges from the oxide surface is reduced, hence Cl- ions also get reduced. As the net 
charge reaches zero all the Cl- and Off ions will have been removed. With the further 
supply of electrons the following reactions occur; 162 
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2H ++ 2e =H2 (12) 
02 + 2H20 + 4e = 40fF (13) 
2H20 + 2e = H2 + 20IT (14) 
Consumption of H' ions will give rise to excess Off ions, thus local alkalinity 
adjacent to the sample surface increases. As the pH increases the metal oxide 
dissolves exposing the metal. The further corrosion of the exposed metal, in the 
presence of chloride ions, produces cathodic pits. In the case of anodic polarisation 
the excess charge on the metal is positive. Therefore Cl' and Off ions get adsorbed at 
the oxide/solution interface. With increasing anodic polarisation, cations are 
generated at the metal/oxide interface. As the polarisation proceeds, cations move by 
diff-usion to the oxide/solution interface and cation vacancy in the reverse direction, 
while anion vacancy moves from the metal/oxide interface to the oxide/solution 
interface. Although the potential drop cross the interface is small, the potential 
gradient across it is very high, and as the layer is very thin a strong electric field is 
produced. Due to this and excessive vacancies, cations and anions move to the 
opposite interfaces through the oxide layer. This may result in the local breakdown of 
the oxide layer, initiating pitting. The process is aided by the presence of Cl" ions 
which result in the formation of soluble A1(OH)2C1 as shown in the following 
- 162 equation, 
A13+ + 2H20 + Cl'= Al (OH)2 Cl + 2W (13) 
Additional corrosion studies have investigated the influence of localised pH and 
temperature on corrosion rates, concluding that both these parameters have a 
significant impact on corrosion rates and pitting potential, especially in aerated 
solutions. 161 
A great deal of attention has focused on pitting of aluminium alloys in chloride 
solutions due to the alloying element, Cu. Observations of two breakdown potentials 
for 2024-T351 alloy (-720mV and -620mV) during potentiokinetic polarisation in 
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NaCl has been attributed to the dissolution potential of the A12CuMgparticles and the 
matrix breakdown potential. Further to this the presence of Cu and Zn in alloys has a 
large effect on E. depending if they are in solid solution or in intermetallic 
precipitates. For example, the E,,,,, of 7075 alloy increases as Zn precipitates from 
solid solution, as a result of artificial aging and the potential of 2014 decreases as Cu 
precipitates from solid solution. 145 Furthermore, using anodic polarisation 
experiments for 7075-T7351 alloy in NaOH, a black bilayer corrosion product has 
been observed thought to be the result aluminium dissolution followed by a 
precipitation film formation. 163 
Corrosion rates studied in simulated sea water, containing K+, Me', Ca2+, Be, and 
S04 2+ ions have shown it to be a more aggressive medium than the commonly used 
3.5% NaCI solution when using untreated and anodised 1050 alloy. 160 
In all the cases above corrosion studies have taken place under laboratory conditions. 
Boeing has standardised an accelerated corrosion test, which utilises the principles of 
polarisation experiments in which test panels can be assessed in situ, on the 
production line. 164 
The literature review has identified a large range of pretreatments used prior to 
adhesive bonding of aluminium alloys. The most successful of these generate a 
surface which is clean, wettable, highly micro-rough and corrosion resistant. The best 
performing of these are however, based on hexavalent chromium chemistry, 
replacements for which are desirable to limit both personal and environmental 
exposure. This study is concerned with an evaluation of the BSAA as a potential 
replacement for CAA. The procedure used is as follows: 
Preliminary characterisation was carried out using a number of different 
techniques, including SEM, NPS, AES and FTIR. 
*Initially by taking the standard as-processed materials, surface 
characterisation, both physical and chemical, was carried out for the minimum 
surface treatment of degreasing only. Following this, the effects of the 
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individual stages of the anodising processes was studied to establish the 
degree of modification introduced to the different aluminiurn alloy surfaces by 
both the CAA 40/50V and the BSAA treatments, see Section 3.3 for anodising 
pretreatments and processing parameters. 
By establishing a small-scale anodising facility, validation of this facility was 
carried out by comparison with industrially treated material in order to ensure 
that the anodising process could be reproduced under laboratory conditions. 
Thereafter, by varying the BSAA processing parameters, the chemistry and 
structure of the CAA process would hopefully be created on the aluminium 
alloy surface using a modified form of the BSAA. 
To assess the performance of any modifications carried out, preliminary joint 
testing, see Section 3.4, was performed in a comparative manner with the 
CAA 40/50V as a control. At the same time, microscopy was used to study 
any surface changes the various alternative processes had on the morphology 
of the treated material and the effect this had on the final anodised film. For 
the above set of joint tests and microscopy, only one substrate was chosen to 
reduce the testing matrix down to a manageable size. 
Once a suitable alternative had been identified from the above, a further, more 
comprehensive series of joint tests was carried out in addition to corrosion 
testing, to assess the performance of this alternative surface treatment for the 
full range of alloys under investigation. 
Finally, to investigate the adhesion mechanisms responsible for improved joint 
durability, studies were carried, which focused on the penetration of the 
primer into the surface porosity. 
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I Experimental Procedures 
In this chapter, firstly a description of all the materials used is given, following are 
details of the operating parameters used for the surface analysis investigations. In 
addition, anodising conditions are specified for the standard and non-standard 
processes, as too are the joint configurations and test conditions for the main 
mechanical tests. Finally, the corrosion test procedures used in this research are 
outlined. 
3.1 Materials 
3.1.1 Aluminium Alloy Substrates 
The substrates chosen for investigation were the aluminium-copper alloy, 2024-T3, 
both clad and bare. In addition, the aluminium-zinc-magnesium alloy, 7075-T6 bare, 
was chosen as a third spbstrate. The 7075-T6 clad alloy has been proven to be 
unsuitable for the manufacture of aircraft55 so was deemed unsuitable for study. 
However, this alloy was included in some limited wedge testing. The composition of 
these alloys can be found in table 3.1. 
Element 
Cu Mn Mg Cr Zn- 
2024 - T3 4.5 0.6 1.5 0.0 0.0 
7075 - T6 1 
1.6 0.0 2.5 0.3 5.6 
Table 3.1 Summary ofaluminium alloy compositions (weight Yq) 
As discussed in chapter 2, the temper codes related to these materials are those which 
have been solution heat-treated, cold worked and naturally aged, designated by the T3 
code and solution heat treated and artificially aged, which is denoted by the T6 code. 
The 2024-T3 clad alloy, being the most widely used in industry was the substrate 
chosen for preliminary joint testing. 
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3.1.2 Adhesive System 
The adhesive/primer combination studied was the FM 73/BR 127 epoxide system. 
Both t he p rimer a nd adhesive a re p roducts of Cytec Fiberite Ltd. T he FM 73f ilm 
adhesive is a toughened general purpose aerospace epoxy. It is manufactured as a film 
adhesive, supported by a polyester knit fabric scrim, which controls the flow and glue 
line thickness during hot curing. The methyl ethyl ketone (MEK) solvent based BR 
127 primer, used in this study, is a modified epoxy phenolic consisting of 10% solids 
including 2.0% strontium chromate as a corrosion inhibiting additive. The primer is 
again classified as a general purpose aerospace product. 
The cure cycle for the primer is, once applied, to air dry for 30 minutes and then oven 
cure for a further 30 minutes at 1200C. The adhesive cure cycle is, once assembled, 
heat up in 30 minutes to 1200C and hold at that temperature for a further 60 minutes 
under a pressure of 40psi. * 
3.2 Surface Analysis Methods 
3.2.1 Scanning Electron Microscopy (SEM) 
SEM was carried out using a Cambridge Steroscan 360 instrument operating with a 
primary beam energy of 20 x. 103 V and a current of approximately 250 x 10-9A. In all 
cases, samples were sputter gold coated prior to analysis. 
Field emission gun scanning electron microscopy (FEGSEM) was carried out using a 
LEO 1530VP instrument operating with primary beam energies of either 8x 103V or 
20 x 103 V. There was no requirement for gold coating of these samples. 
SEM was used to study the surface morphology of the various surface pretreatments, 
in both surface and cross-section. In the case of all cross-sections, samples were 
fractured by bending the processed aluminium alloy through an angle greater than 900 
and then looking perpendicular to the fractured surface. 
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3.2.2 Transmission Electron Microscopy (TEM) 
The instrument used was -a Jeol 100CX operating with a primary beam energy of 100 
X 103 eV. Carbon replicates of anodised surfaces were studied. Samples were sputter 
carbon coated and then submerged in dilute hydrofluoric acid to dissolve the 
underlying aluminium, these were then mounted for analysis. 
The machine was also ran in STEM mode. In this mode all samples were sputter gold 
coated prior to analysis. Both surface and cross-sectional views of the anodic oxide 
were obtained for surface characterisation. The advantage of this method over SEM 
was that higher resolution images could be achieved. 
3.2.3 Auger Electron Spectroscopy (AES) 
AES was used for surface chemical characterisation and depth profiling of the anodic 
oxides produced by the various surface treatments. A Varian AES spectrometer was 
used, operating with a primary beam energy of 3x 103 eV into an area approximately 
100 X 10-6 rn across. Depth profiling was carried out using sequential argon-ion 
bombardment w ith ab earn energy of3x 103 eV and acurrent densityof 75 x 10' 
6 A. CM-2 . Experimentally derived sensitivity factors were used for quantification based 
upon A1203 and MgO reference materials. An experimentally derived etch rate was 
used based upon an A1203 conversion coating on an aluminium 5251 alloy substrate. 
3.2.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS was carried out using a VG ESCALAB MkI operating using AIK X-rays with 
an anode voltage of 10 x 103 V and filament current of 20 x 10-3 A. Quantification was 
achieved using theoretically derived relative sensitivity factors. Both broad and high 
resolution scans where carried out on all the samples. XPS was used for surface 
chemical characterisation and the failure mode analysis of fractured joints. 
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3.2.5 Fourier Transform Infa-Red (FI71R) 
IR analysis was carried out using a Nicolet 20DX instrument. Both specular and the 
diffuse reflectance Fourier transform IR (DRIFT) modes were attempted. Infra-red 
analysis was carried out on all the alloys used in this investigation treated with BSAA, 
CAA 40/50V. Initial investigations were carried out using specular reflectance infra- 
red analysis but this method resulted in limited information and failed to distinguish 
between the different treatments. As a result, DRIFT analysis was employed for 
surface chemical characterisation. 
3.2.6 Atomic Force Microscopy (AFM) 
AFM was carried out using a Burleigh Personal SPM instrument operating in contact 
mode with a silicon probe. The areas scanned had a raster width of 50 x 10-6 by 50 x 
lem. A number of scan areas were taken for each sample to ensure that a true 
representation of the surface was achieved. AFM was used to study the surface effects 
and R. (mean deviation) values produced by the different pretreatments. 
3.2.7 Nano-indentation 
Nano-indentation was carried out on a Micro Materials NanoTest instrument. Samples 
were cleaned using compressed air and thermally equilibrated in the NanoTest 
environmental cabinet before indentation testing. A three-faced B erkovich diamond 
indenter, which has the same projected area-to-depth relation as a Vickers indenter, 
was used in all the tests. 
Fiflecn dcpth-controlled indentations, 70 x 10-6m apart, were made on each surface 
tested. The indents were made to progressively greater depth, from 2x 10-9m to 5x 
10-6 m, to investigate the influence of the underlying substrate on the measured 
hardness and modulus values. The loading and unloading rate was 0.43mN/s, and the 
dwell time (peak load holding period) was 10 s. A calibrated initial load of 0.05mN 
was used. 
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A 10-cycle depth-controlled load-partial-unload cycle was set up on each sample 
tested. The loading and unloading rate was 0.43mN. s-1 and the dwell time was 10 s. 
The target unloading percentage was 10% of the current maximum load for that cycle. 
A repeat of the load-partial-unload cycle test at a different location was performed for 
each sample. 
Depth-controlled indentation was used to determine the hardness, modulus and 
homogeneity oft he o xide I ayers atad epth of3x1 0-9m, w here t hey were free of 
substrate effects. A line of 10 indentations, each separated by 25 x 10-6M from the 
adjacent indents, were made for each measurement. The same loading rate, initial load 
and dwell time as in the load-partial-unload cycles were used. The data was analysed 
automatically using a modified Oliver and Pharr method. 
3.3 Metal Treatments 
3.3.1 Chromic Acid Anodising (CAA) 40/50V Parameters 
3.3.1.1 Degreasing and alkaline cleaning 
Degreasing was carried out by vapour degreasing using Trichloroethylene. 
Alkaline Cleaning was by submersion for 10 minutes in Isoprep 44, which is a 
proprietary material from Lea Manufacturing. It is a non-caustic cleaner with 
moderate pH of 9.3 - 10.45 designed to form stable emulsions with both mineral and 
fatty acid types of oil soils. The solution concentration was 60g/1 of Isoprep 44 
dissolved in deionised water at a temperature of 60'C. Agitation was with an 
electromagnetic stirrer. The rinse stage was by submersion in deionised water at a 
temperature of 600C with air agitation for 3 minutes. 
3.3.1.2 Deoxidising 
Degreasing was carried out for 30 minutes using the 'optimised' Forest Products 
Laboratory (FPL) acid etch. Table 3.2 shows the make up of this solution. The 
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operating bath temperature was 600C with gentle agitation using an electromagnetic 
stirrer. This was followed by a rinse stage for 3 minutes in deionised water. 
i"Memic'al' ý-"O'mýOSW6 
Sodium Dichromate 60g/l 
Sulphuric Acid 166ml/I 
Aluminium 2024 1.5g/l (min) 
Table 3.2 Summary ofcompositionfor 'optimised'FPL acid etch 
3.3.1.3 Anodising 
The CAA specified 165 anodising parameters, are listed below with the maintenance 
controls for users of this process: 
Chromic acid: 30.5 - 50.0g/l 
Chlorides: 0.20g/I maximum as NaCI 
Sulphates: 0.50g/I maximum as Na2S04 
Temperature: 40 t 2'C 
Voltage: 40-50 ± IN (DC) 
Ramp rate: See Figure 3.1 
Anodising time: 35 - 45 minutes 
so 
40 
30 
C" 
03 20 
0 
10 
0 
Time (minutes) 
Figure 3.1 Operating Cyclefor standard CAA 40150 Vprocess 165 
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After anodising, p arts w ere rinsed ind eionised water at a mbient t emperature f or 5 
minutes then dried in warm air at a temperature of approximately 400C for a 
maximum of 60 minutes. 
3.3.1.4 Priming and sealing of the CAA 40/50V oxide 
The application of the primer was carried out within 2 hours of being dried after the 
anodising treatment. 
Sealing, when required for comparative corrosion tests, was carried out by immersion 
in deionised water at a minimum temperature of 960C for 15 minutes, followed by 
drying in warm air at a temperature of approximately 750C. 
3.3.2 Standard Boric Sulphuric Acid Anodising (BSAA) Parameters 
3.3.2.1 Degreasing and alkaline cleaning 
Degreasing was carried out by vapour degreasing using Trichloroethylene. 
Alkaline Cleaning was by submersion for 10 minutes in Isoprep 44. The make up of 
the solution was 40g/1 of Isoprep 44 dissolved in deionised water at a temperature of 
60'C. Gentle agitation was achieved with the use of an electromagnetic stiffer. In the 
case of industrial production line air agitation was used. Immediately after this 
treatment, samples were rinsed in deionised water for 3 minutes. 
It was important not to allow the alkaline solution to dry on the surface before rinsing, 
particularly as Isoprep 44 is a silicated solution. Once dried many of these residues 
are difficult to remove and can cause selective etching in the proceeding acid 
deoxidiser. 
3.3.2.2 Deoxidising 
Tri-acid etch was used for deoxidising in the BSAA process. Table 3.3 shows the 
solution make-up. Deoxidising was carried out by immersion in the acid solution at 
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ambient temperature for 3 minutes, followed by a rinse in deionised water for 3 
minutes. The etch rate of this solution was given as 0.008 - 0.010mm/side/hour. 
'Che'M'i6al olnppýi, ion 
Sodium Dichromate 54g/l 
Sulphuric Acid 100MI/I 
Hydrofluoric Acid 10MI/I 
Table 3.3 Summary ofcomposition for Tri-acid etch 
3.3.2.3 Anodising 
The Boeing BSAA specification, 166 as with most industrial processes, has a number of 
tolerances on its anodising parameters, which leaves some scope for variations. Below 
are the maintenance controls specified by Boeing for industrial users of this process: 
Sulphuric acid: 30.5 - 52.0g/l (3 to 5 percent by weight as H2S04) 
Boric acid: 5.2 - 10.7g/1 (0.5 to 1.0 percent by weight as 
H3BO3) 
Aluminium: 2.6g/1 maximum as Al 
Copper: 155 ppm maximum as Cu 
Chlorides: O. lg/l maximum asNaC1 
Total chromium: 500 ppm maximum as Cr 
Temperature: 26.7 ± 2.2'C 
Voltage: 15 ± 1V (DC) 
Ramp rate: Initial voltage of 5V maximum, increased @ 5V/minute 
Anodising time: 18 - 22 minutes 
In industry, the normal practise is to maintain the mid values of these controls. This is 
what was defined as the standard BSAA process. Aerospace industries make use of 
16000+ litre stainless steel tanks to accommodate large aircraft parts for all their 
anodising stages. In this case, the walls of the tank act as the cathode. Heating and 
separate cooling coils maintain the bath temperature ranges together with air agitation. 
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Aluminium. and titanium racking was used to give good, non-shifting electrical 
contact with the minimum of area contact. 
The small-scale anodising facility used in this investigation, comprised a six-litre 
glass tank, which still complied with the Boeing specification. The cathode used was 
a 200 x 150 x 2.5nim sheet of lead placed in the bath. Agitation was achieved with the 
use of a two blade polypropylene paddle attached to a variable speed overhead 
electric stirrer. A glass cooling/heating coil was added to assist in temperature control. 
The racking was made from aluminium and electrical contact made using aluminium 
grub screws. A Instek, PR-3010H laboratory D. C. power supply was used, that had a 
maximum capability of 15 Amps output at 30 Volts, well within specifications and 
giving scope for modification of processing parameters later on in the study. All other 
pretreatments i. e. degreasing; alkaline cleaning; and deoxidising were carried out in 
glass beakers or in the case of rinsing by water spray bottles. 
After anodising, parts were dried thoroughly in warm air at a temperature of 
approximately 750C. 
3.3.2.4 Priming and sealing of the BSAA oxide 
The application of the primer was carried out within. 16 hours of being dried, after the 
anodising treatment. 
Sealing, if required, was carried out by immersion in a dilute chromated solution (5%) 
using deionised water at a temperature of 950C for 23 to 28 minutes. Samples were 
then dried thoroughly in warm air at a temperature of approximately 750C. 
3.3.3 Modifled Boric Sulphuric Acid Anodising (BSAA) Parameters 
3.3.3.1 Degreasing and alkaline cleaning 
As mentioned in Section 2.4.4 the purpose of the alkaline cleaning stage is to remove 
excess soils, which degreasing would not be expected to remove without any 
modification tot he s urface. Asa result, o nly o ne q Ikaline c leaning alternative w as 
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studied. This was a proprietary material from Cherneiall Ltd called Pyrene 9-20. It is a 
non-silicated, non etch, alkali cleaner with base ingredients of sodium borate and 
sodium pyrophoshate. Týe make up of the solution was 0.6% of Pyrene 9-20 in 
deionised water. Treatment was by full immersion for 10 minutes at 500C. This was 
followed by a 3-minute rinse in deionised water prior to deoxidising 
3.3.3.2 Deoxidising 
Table 3.4 shows the list of alternative deoxidising pretreatments that have been 
studied together with a brief description of their composition and operating 
parameters. 
Alternative 
'qe"ý ! ", Description Operating Parameters Treatment V, 
Pyrene 10-21 Highly alkaline, etch Immersion in 1.5% 10-21 0 cleaner 45 C for 5 minutes 
Pyrene 14-19 Acid cleaner, light etchent 
Immersion in 20% 14-19 
0 at 60 C for 3 minutes 
Similar to 14-19 with 9x 
Immersion in 20% 14-73 
Pyrene 14-73 fluoride content at ambient 
temp for 10 
minutes 
Pyrene 7-77 Chromium free treatment Immersion in 2.5% 7-77 at 0 0 prior to painting 25 C or 50 C for 5 minutes 
Chemcid 2218 Non-chromated liquid Immersion in 20% 2218 at deoxidiser 300C for 10 minutes 
Electrolytic Phosphoric Electro-chemical Acid Deoxidiser deoxidiser See below (EPAD) 168 
Table 3.4 Summary of alternative deoxidisers studied 
Note that the Pyrene and Chemcid processes are proprietary materials from Chemetall 
Ltd, whilst the EPAD is a generic solution, patented by Boeing. 167 All the treatments 
are specifically designed as pretreatments for aluminium. and its alloys, with the 
advantage of them all being chromate-free solutions. In the case of the generic 
solutions, their main ingredients differ but in general are based on sodium hydroxide 
and sodium carbonate; phosphoric acid; sulphuric acid; fluorzirconic acid; and, 
sulphuric acid and nitric acid for the 10-21,14-19,14-73,7-77 and Chemcid 2218 
respectively. In the case of 14-19,14-73 and the 7-77, low concentrations of 
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hydrofluoric acid is also part of these solutions. In all cases processing was carried out 
to manufactures recommended procedures. 
Phosphoric acid deoxidising was carried out using the following conditions: 
Concentration: 
Operating temperature: 
Anodic potential: 
DeoXidising týme: 
20 ± 2% by weight of phosphoric acid. 
30 ± 2'C. 
7.0 ± 2V 
10 ±2 minutes 
All deoxidising treatments were followed by a 3-minute rinse in deionised water prior 
to anodising. 
3.3.3.3 Anodising 
The variables that were altered within the anodising process itself were the electrolyte 
temperature, the electrolyte acid concentrations and the anodising potentials. From 
Section 2.6.4 it is suggested that higher temperatures, increased acid concentrations 
and increased voltages are more likely to increase the cell and pore diameters of an 
anodic film. With this in mind electrolyte temperatures were varied in the range of 
15-40'C, both boric and sulphuric acid concentrations were varied outside the 
standard parameters and the anodic potentials were investigated in the range of 15- 
30V. 
3.3.3.4 Post treatments 
Phosphoric acid dipping (PAD) was carried out under the following conditions: 
Concentration: 20 ± 2% (wt) phosphoric acid. 
Operating temperature: ýO ± 2C. 
Dip time: 10 ±2 minutes 
This was followed by a three-minute rinse in deionised water then air-dried. 
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3.4 Mechanical Test M6thods 
3.4.1 Single Lap Shear (SLS) Joint Testing 
For the majority of this work the ASTM standard 169 which is for the procedure and 
testing of the shear strength of SLS joints was not followed, instead an in-house 
method for preparing and testing was used, which is described below. 
SLS joints were prepared utilising various surface treatments using 2024-T3 clad 
alloy coupons, their dimensions are shown below, figure 3.2. 
50 +1 mm 
20+ 1 Mm 
4> 
25.4 + 0.254 mm 
(Area in Test Grips) 
10.0 + 0.5 mm 
1.625 + 0.025 mm + 
Figure 3.2 Dimensions ofSLSjoints. (a) plan view, (b) side view 
The joints were tested on a Hounsfield H20K-W with a 5OkN load cell, set at a 
crosshead speed of 6mm, per minute. Their maximum mean load to failure was then 
recorded. Five replicates per surface treatment were tested and the average taken. 
3.4.2 Environmental Single Lap Shear (SLS) Joint Testing 
SLS joints were prepared using 2024-T3 and 7075-T6 bare alloy and anodised using 
the various anodising processes. The coupons 
. were exposed to 600C and 100% 
relative humidity (RH) for periods of 30,60, and 120 days.. To prevent secondary 
bonds from reforming none of the joints were allowed to dry before being tested. 
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Three test coupons were prepared for each test variable, their dimensions are shown 
below, figure 3.3. Testing was carried out to the ASTM standard 169 using a Lloyd 
instrument with a 50kN load c. ell, set at a separation speed of 6mm per minute. 
10 1.6 + 0.254 mm 
25.4 + 0.254 mm 
i 
1*-->l 
25.4 + 0.254 mm 
(Area in Test Grips) 
12.7 + 0.254 mm 
1.625 + 0.025 mm 1 
Figure 3.3 Dimensions ofSLSjoints. (a) plan view, (b) side view 
3.4.3 Wedge Testing 
Initially, the standard ASTM test method 168 was used for wedge testing. The key 
features of this test are to prepare the surfaces of two 15.24 x 15.24 x 0.3175cm (6" x 
6" x 0.125") aluminium panels, using the surface treatment process appropriate for the 
test requirements. The panels are then primed, the adhesive applied and the assembly 
is completed with a 2.54 x 15.24cm (I" x 6") Tygaflofrm separation film inserted 
along one edge. The adhesive is omitted between the separation film and the 
aluminium surfaces. 
Once cured, the assembly is cut into five 2.54cm (P) wide test specimens, making 
sure not to produce any burrs or smearing of the adherend material onto the bondline 
and also to prevent overheating or damage to the bond when cutting or finishing. To 
insert the wedge, the end of the test specimen that contains the separation film is 
opened and the wedge is positioned so that the end and sides are approximately flush 
with-the sides of the specimen. The separation film is then removed. 
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Using a5 to 30-power m agnification the crack t ip is located. This is the point, ao, 
farthest from the wedge where the specimen has separated. The location of the crack 
tip is marked on both sides of the adherend edge, using a fine stylus or scribe. 
The wedged specimens are then subjected to the required environment, for durability 
testing, this was 600C at 95% RE On removal of the specimens from the 
environment, and within 15 minutes, the location of the tip of the crack, Aa, is 
marked. Measurement of the initial crack length, ao, and the crack extension, Aa, of 
each specimen to the nearest 0.025mm is then carried out. Once testing has been 
completed, the specimens were forcibly opened and the failure mode of each test 
section noted. 
3.4.4 Modified Wedge Testing 
Due to the relatively large errors produced from the standard ASTM wedge test 
method, encountered from the first batch of experiments, a number of modifications 
were carried out to the testing procedure in order to reduce these errors. 
The most significant change employed to the test method was that individual 2.54 x 
15.24 x 0.3175cm (I" x 6" x 0.125') coupons were machined before any surface 
pretreatment was carried out. Five sets were prepared for each treatment. These 
coupons were then racked and treated to the required parameters. The treated coupons 
were then primed and bonded in the usual way and mounted in specially designed jigs 
for curing. Once cured, excess fillets were polished off so that the bondline could be 
clearly defined. The intention was to reduce the degree of mirco-cracking at the joint 
edge which could be responsible for the observed variation in results. 
In addition, controlled insertion of the wedge was carried out using a Hounsfield 
H20K-W tensometer ran in compression mode at 50mm. per minute. After the wedge 
had been inserted, a stabilization period of one hour was allowed for crack growth to 
normalise. This was carried out as it has been shown that the polymer v iscoelastic 
properties of the adhesive affect the initial crack propagation and relaxation period for 
the wedge test assembly. 131 
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The specimens were then pladed in a humidity chamber at 60"C and 100% RE. These 
testing constraints were chosen for the reasons given in Section 2.8.7. 
The specimens were removed from the environmental conditions at times between I 
and 200 hours from the start of the experiment, so that the crack extension could be 
recorded. This was recorded with the use of 100x magnification. 
All other ASTM procedures were followed, as mentioned in the previous section. 
3.4.5 Peel Strength Testing 
Floating roller peel testing was carried out as per the ASTM standard. 169 Pretreated 
panels of 0.63mm and 1.63mm thick aluminium alloy were bonded together and once 
cured cut into 30.5 x 2.5cm strips ready for testing. The specimens were exposed to 
490C and 100% RH for 30 days. This was followed by testing at room temperature. 
3.4.6 Material Fatigue Strength Loss Testing 
Loss of fatigu'e life of the adherend, as a result of anodising, was assessed using 
notched cylindrical dumb bell specimens, as per CTS 3075. This was carried out only 
for bare alloys. Specimens were tested with a constant amplitude sinusoidal wave at a 
frequency of 50Hz, in which the maximum fatigue stress was recorded and plotted 
against the cycles to failure. Testing was terminated at 1000000 cycles if failure did 
not occur. The fatigue performance of treated specimens was evaluated with respect 
to untreated specimens in terms of the percentage of reduction in stress after 106 
cycles. 
3.4.7 Joint Fatigue Testing 
Cyclic load testing to assess the fatigue life of bonded joints was carried out with the 
use of single lap shear joints prepared using 2024-T3 clad alloy and anodised using 
the various anodising processes. The coupons, as shown in figure 3.4, were tested dry 
or submersed in deionised water at room temperature during testing, with a load range 
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of 100 -I OOON at a frequency rate of I OHz until failure of either the joint or adherend 
occurred. 
35.0±1 mm 
20+ 1 mm 
10 
-ýH 14- 10.0 + 0.5 mm 
3.175 + 0.125 mm 
Figure 3.4 Dimensions ofSLSjoints usedfor cyclicfatigue testing 
3.5 Corrosion Test Methods 
3.5.1 Coating Weight Assessment 
Coating weight determination was carried out to ASTM B137-95 in which an 
anodised test panel of known surface area was first weighed, wl. The anodic oxide 
was then removed using a stripping solution of phosphoric-chromic acid solution 
(20g/l chromic acid anhydride, 35ml/I othophosphoric acid in deionised water), 
maintained at a temperature of approximately 1000C. After rinsing and drying, the test 
panel was re-weighed, w2. The coating weight is then simply the surface area of the 
panel divided by the difference in weight before and after stripping (w, - w2). 
3.5.2 Eddy Current Analysis 
A Fischer Dualscope MP4 eddy current meter was used for the evaluation of anodic 
oxide film thicknesses with various treated alloys for comparitive data. Sample foils 
of 25,75,250 and 800 x 10-6M thicknesses and untreated substrates were used to 
calibrate the meter. The average reading of appoximately 20 measurements, over the 
whole area of each sample was taken. 
ýt must be emphasized that the meter does not give a true film thickness as it was 
calibrated using reference calibration foils, which are non-porous anodic films. This 
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should not alter the ratios of different film thickness nor should it alter the readings 
obtained from one sample to the next with the same thickness assuming the structure 
of the film is of a similar nature. To get around this a calibration procedure would 
have been required, possibly with the use of SEM to visually compare thicknesses. 
We were primarily interested in comparative data and so a true calibration was not 
considered necessary. 
3.5.3 Neutral Salt Spray Testing 
171 - Test ýoupons were prepared and tested as per the ASTM B117 standard inwhich 
2024-T3 bare 25.5 x 7.5 x. O. lcm panels were exposed to 3.5% sodium chloride 
solution spray in a salt spray' cabinet, operated at 350C. Panels were mounted at an 
incline of 6-degrees from vertical. Specimens were examined after 336 hours 
exposure for unsealed specimens and 1000 hours exposure for sealed specimens for 
evidence of corrosion and classified as a "pass" or "fail", depending on the number 
and size of corrosion pits. The criteria for this classification were the panels should 
not show more than five isolated spots or pits, none of which should be larger than 0.8 
mm. diameter. 
3.5.4 Filiform Corrosion Testing (BS EN ISO 4623) 
Filiforin corrosion test panels (15 x 7.5 x 0.1cm) were prepared with a CMS 565-01 
primer and CNIS 565-02 topcoat applied. Eight panels per alloy and surface 
pretreatment were used for evaluation. 
A scribe was used to produce scratches I mm wide, in the horizontal and vertical to 
the panel. Filiform corrosion was initiated by exposure to HCl vapour for I hour and 
the panels were then exposed to 42T and 82% RH for 1000 hours. 
The extent offiliform corrosion was quantitatively assessed by measuring the lengths 
and areas of the filaments that developed on each scribe using an image analyser. 
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3.5.5 Polarisation Experiments 
Electrochemical measurements were carried out using a Potentiostat-galvanostat 
controlled by a personal computer with an Auto Tafel data logger. A Faraday cage 
was used to isolate the electrochemical cell from interference. All potentials were 
measured with reference to a Standard Calomel Electrode (SCE). The SCE was also 
isolated from the cell using a Luggin-Haber capillary filled with a solution of 
saturated potassium chloride. A solution of 3.5% sodium chloride (NaCl) in deionised 
water was used to synthesize salt-water, which was at room temperature with no 
stirring or agitation. The working electrode sheet alloy sample was mounted into an 
aluminium. sample holder, which was then connected into the circuit. Masking of 
samples was carried out with chemically inert tape so that no bare edges were exposed 
to the solution, avoiding any edge effects. Also, in all cases masking was carried out 
such that a single sided surface area of exactly 2cm 2 was expos ed to the solution. The 
counter electrode or auxiliary electrode used was a platinum mesh to maximise 
surface area. 
The time dependence of the open circuit potential between the test sample electrode 
and the reference electrode was monitored for the different alloys and a series of times 
were determined for each alloy to achieve equilibrium, this value, referred to as the 
corrosion potential (ECoRR), was recorded and compared to published values. 145 
Anodic and cathodic polarisation scans were performed on a range of treated samples 
using various alloys. The electrode potential was varied using a sweep rate of 
O. ImV. sec" and polarisation curves were determined from the rest potential to an 
anodic potential of 30OOmV/SCE or from rest potential to a cathodic potential of - 
30OOmV/SCE. A different test piece, of the same sample, was used for the anodic and 
cathodic sweeps. 
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4. Results 
The results obtained in this study are presented in the following chapter. These are 
divided into three main sections; surface characterisation, mechanical testing and 
corrosion test results. 
4.1 Surface Characterisation 
The results presented in this section, illustrate physico-chemical changes introduced 
afler various stages of the CAA and BSAA anodising processes. Initially, the 
minimum standard surface treatment of degreasing was carried out on all the alloys, 
which were then characterised in terms of their surface structure and composition. 
Further to this, these materials were then characterised as a function of different 
degreasing and deoxidising processes. The influence of varying anodising processes 
such as electrolyte temperatures were then studied, followed by the effects of post 
anodic etching. The aim being to determine the effect these processes have on the 
final anodised film, both in 'terms of their physical structure and chemical 
composition. 
4.1.1 Degreased Aluminium Alloy Surfaces 
SEM studies showed the degreased-only surface of all the aluminium alloys under 
investigation to be largely planar with only mild rolling lines and scratches visible. As 
an example, figure 4.1 illustrates this for the 2024-T3 clad material. This was further 
confirmed with the use of both AFM (see appendix A. 1) and profilometry, table 4.1. 
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Figure 4.1 Low (a) and high (b) magnification SW images (? f degreased-only 2024- 
73 clad alloy suýface 
Treatment Direction & (X 10-6M) & (x 10-6m) 
2024 clad T 0.061 0.460 
L 0,083 0.602 
2024 bare T 0.065 0.42, 
L 0.074 0.584 
7075 bare T 0.063 0.475 
1 
L 0.078 0.521 
Typical standard deviations are, + 0.005 x 10-"m 
Table 4.1 Profidometry datafor degreased-only, alloy suýfaces 
Note that in table 4.1, "T" and "L" refer to the direction of travel of the stylus, these 
being transverse to and along the direction of the visible rolling lines respectively, 
The R. parameter gives the mean deviation from the mean line whereas the R, 
parameter gives the maximum peak-to-valley distance on the surface. The values 
quoted in table 4.1 are representative of a number of scans carried out on each sample. 
AES was used to determine surface and sub-surface compositions of the degreased- 
only alloys. Full depth profiling was carried out to determine the composition and 
thickness of the contaminating layer and native oxide on the as-received material. 
Surface compositions are given in table 4.2. 
(a) (b) 
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"Al 
. ...... . 
...... ... 
2024 clad 60.1 31.4 1.2 0.0 0.0 7.3 0.0 
2024 bare 
- F 
36.1 6.0 0.0 23.8 2.9 31.1 0.0 
TO 7 5 ba re1 31.0 
i 
0.0 
i 
0.0 
i 49.3 i 1.4 i 16.6 i 1.7 
1 
Table 4.2 Summary of surface compositionsftom AES data (atom ? lo)for degreased- 
only substrates 
The low levels of carbon observed in the above surface compositions indicate only 
monolayer or sub monolayer coverage of contamination. Residual levels of carbon 
with depth on the 2024-T3 bare alloy, as seen in the AES depth profiles (see appendix 
A. 2) may be explained by a surface roughness effect or localised islands of 
contamination. 
Note the very high magnesium values for the bare aluminium alloys, table 4.2. It is 
thought that themagnesium preferentially segregates to the surface during cooling of 
the part-processed sheet. The existence of magnesium oxide, which is thought to be 
friable, could be classed as detrimental to adhesion. However, its good hydrolytic 
stability is thought to contribute towards improved bond durability, so there exists 
some contradiction to the value of its presence. 
Table 4.3 shows the thickness of the native oxide layers for the degreased-only alloy 
substrates. Here the thickness of the oxide is defined as the depth at which the oxygen 
levels decrease to half that of their maximum value in the AES depth profiles. For the 
2024-T3 clad alloy, figure 4.2 illustrates the full AES depth profile. Depth profiles for 
the 2024-T3 bare and 7075-T6 bare alloys are appended, see appendix A. 2. 
Table 4.3 Summwy of oxide thickness, for degreased-only substrates 
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Figure 4.2AES depth profile of surface oxide on 2024-T3 clad aluminium alloy 
sample 
4.1.2 Standard Surface Pretreatments Prior to Anodising 
4.1.2.1 Isoprep 44 
As discussed in Chapter I and observed here, Isoprep 44, the alkaline cleaning 
procedure used for both the CAA and BSAA processes has little effect on the surface 
topography, as indicated by both SEM and AFM, see appendix A. 3 for AFM data. 
From the 2024-T3 clad treated surface, AES data indicates no change in oxide 
thickness, see appendix A. 3 for depth profile, however there is evidence of residual 
silicon on the surface. This is not unexpected, as Isoprep 44 is a silicated process. 
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4.1.2.2 Optimised FPL and Tri-acid etching 
SEM images of the 'optimised' FPL etch, used in the CAA process, show a 
characteristic scalloped texture, figures 4.3a-b. This is consistent with that 
documented in the liturature . 
66,130 The scallops are approximately 0.5 to Ipm in 
diameter with marginal differences for various alloy type. The rolling lines are mainly 
removed during etching and the scalloping probably relates to the cellular structure of 
the alloy, with ridges developing where sub-grains intersect the surface of the alloy. 
Pocius el a t6 have observed the number of etch pits to be much greater in the case of 
the 2024-T3 bare alloy than in the clad alloy. Both Pocius and Venables have also, 
separately observed the segregation of copper at the metal/oxide interface of the bare 
2024-T3 alloy using the FPL etch, something not observed in the present study. 
. 
"" 
. 
': 
» 
AES data indicates an oxide thickness in the order of 20 nm with low levels of surflace 
contamination, see appendix AA for depth profiles. Surface carbon levels are 
typically in the range of 10 to 15%. 
In the case of the Tri-acid etch as used in the BSAA process the same scalloped 
features are present, see figure 4.4. These again range from 0.5 to I pm in diameter, 
the size of which, again, seem to be independent of ailoy type. 
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Figure 4.3 Low (a) and high (h) magnificalionSPAI images (? f 'oplinfised' ITI, 
etched 2024- T3 clad alloy surface 
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Figure 4.4 High magnýficalionSEW image of M-acid etched 2024-13 clad 
aluminium alloy suýface 
AES data of the Tri-acid etched surface indicates a thicker oxide of approximately 
40nm, with evidence of fluorine present on the surface and uppermost part of the 
oxide. Again low levels of carbon, typically in the range of 5 to 10%, indicate SLib- 
monolayer coverage of contaminant. 
Water contact angle measurements indicates the cleaning efficiency of the acid etch 
treatments in comparison to that of the degreased-only surface, table 4.4. In this table 
the low contact angle of less than 100 on the acid etched surfaces are indicative of a 
high surface energy and therefore low level of contamination. In contrast, the 
degreased-only surface gave a much higher contact angle indicative of a low surface 
energy, relatively highly contaminated material. 
Treatment Contact Angle 
Degreased 40-70 
FPL etch < 10 
Tri-acid etch < 10 
Typical standard deviations are, + 3" 
Table 4.4 Water contact angles on various treated 2024 clad affiýv siiýfiices 
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4.1.3 Non-standard Alkaline Cleaning and Deoxidisers Prior to Anodising 
Process details are provided in the Experimental section. The following processes 
were investigated, as they were considered to be capable of replacing FPL/Tri-acId 
etching by producing the same texture and or chemistry but without the use of 
hexavalent chromium. In the case of these alternative processes only the 2024-T3 clad 
alloy was studied. 
4.1.3.1 Alkaline cleaning 
Pyrene 9-20 was studied as an alternative alkaline cleaner. After processing, the 2024- 
T3 clad surface showed little difference in surface topography, see figure 4.5, when 
compared to that of the standard alkaline pretreatment. This would have been 
expected, due to the solution being a non-silicated, non-etchant, therefore the Surface 
remains unchanged from that of the degreased-only surface topography. 
Figure 4.5 SIM image of Pyrene 9-20 frealed 2024- T3 clad all(ý, vsuýace 
4.1.3.2 Deoxidising 
Pyrene 10-21, figure 4.6a, gave a very slight scalloped surface but left some debris 
present on the surface, suggesting inadequate rinsing or cleaning power for this 
solution. 
Pyrene 14-19, figure 4.6b, produced a scalloped surface similar to that of the FPI, but 
left relatively high levels of debris remaining on the surface, again this suggests either 
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a more powerful deoxidising solution is required or there is an inadequate rinse stage. 
AES depth profile data, see appendix A, indicates an oxide thickness of 
approximately 5nm. This thin oxide is suspected to be due to the formation of 
phosphate, which is inhibiting the formation of other oxides. 
(a) (b) 
Figure 4.6 SPAI images (? f Pyrene 10-21 (a) and Pyrene 14-19 (b) deoxidised 2024- 
13 clad alloy suýfaces 
SEM plan views of the 2024-T3 clad alloy surface, following the use of the 
alternative deoxidisers, Pyrene 14-73 and Chemcid 2218 are shown in figure 4.7. The 
Pyrene 14-73 surface shows similar scalloped texture to that of the FPL etch. The 
Chemcid 2218 was shown to form only a partial film. 
oo 
I ,-! 
(a) (I)) 
Figure 4.7 Suýface topography (? f Pyrene 14- 73 (a) and Chenicid 2218 (b) deoxidi. ved 
2024-13 clad alloy 
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In contrast, SEM images of the electrochemically phosphorIc acid deoxidised surface, 
figure 4.8, shows a distinctive rough nodular texture. 
Figure 4.8 Sitýft-tce lopograp4v qfphasphonc acidelco-vidi. ved -1024-13 cladalloY 
Profilometry data for the electrochemically phosphoric acid deoxidised SUrface is 
given in table 4.5, 
Treatment Direction R,, (x I 0-6m) R, (x I 0-6m) 
EPAD T 0.097 0.700 
1-I 
L 
I 
0.094 
I 
0.666 
I 
Typical standard deviations are; + 0.005 x 10-'m 
Table 4.5 Profilometry dutaforphosphoric acid deoxidised 2024 clad alloy suýfitces 
4.1.4 Standard Anodising Processes 
4.1.4.1 CAA and BSAA anodised surface topography 
In the case of the 2024-T3 clad substrate the CAA treated surfaces appeared to be 
relatively uniform with a reasonably compact film formed and few voids present in 
the coating, figure 4.9a. At higher magnification, figure 4.9b, the scalloped texture is 
still evident from the deoxidised surface. However, the 2024-T3 and 7075-'r6 bare 
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substrates produce, to varying degrees, a fractured film surface, figures 4.1 Oa-b. These 
observations differ from the majority of reported studies, which state comparable 
oxide morphology for both the clad and bare alloys. 31 On the other hand there does 
exist evidence of a fractured surface following sodium dichromate etching on 7075- 
T6 a] loy'94 which resembles the morphology found subsequent to CAA 40/50V 
anodising in this work. 
Figure 4.9 Low (a) and high (h) magnificalionSPAI images (? f CAA processed 20 '14- 
13 clad alloy surface 
Figure 4.10 Low magnification STAI image (? f CAA processed 2024-13 bare (q) and 
7075-T6 bare (h) aluminium alloy, suýface 
The BSAA anodised 2024-T3 clad alloys showed very similar surface topography to 
that of the CAA surface of the same substrate using SEM imaging, figures 4.11 a-b In 
comparison, when anodised using the BSAA process, the bare 2024-T3 and 7075-TO 
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alloys show a relatively uniform, compact surface, with slightly more voids present in 
the oxide, possibly due to the dissolution of the copper-rich intermetallic particles, 
figure 4.12a and 4.13a. At higher magnifications the same scallops found on the 
BSAA processed 2024-T3 clad material are present, for both the 2024-T3 and 7075- 
T6 bare alloys, figure 4.12b and 4.13b. 
13 hare alloy surface 
Al 
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(a) (b) 
Figure 4.11 Low (a) and high (b) magnificationVM image (? f BSAA processed 2024- 
T3 clad alloy suýface 
(a) (b) 
Figure 4.12 Low (a) and high (b) mqgnýficationVM image (? f BSAA processed 2024- 
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Stylus profilometry was used to determine the macro-roughness of the anodised 
substrates; table 4.6. The finite size of the stylus tip, typically 2 Prn in diameter, 
prevents interrogation of the fine pores present on the oxidised surfaces. 
Twical standa 
Treatment Direction R, (x 10-6m) Rt (x 10-6m) 
CAA T 0.061 0.536 
L 0.055 0.451 
BSAA T 0.053 0.465 
L 0.077 0.567 
ird deviations are- + 0005 xI O"m 
Table 4.6 Profilometry datafor anodised 2024 cladalloysuýfuces 
So far we have investigated the surface topography on the macro or micro-scale, with 
both the CAA and BSAA surfaces giving similar results, mainly as a result of the post 
deoxidising morphology being dominant on the uppermost surface of the anodic 
oxide. However, on the nanometre- scale, differences start to become more evident. At 
this magnification, anodic oxide pores are apparent and also cross-sectional features 
of the oxide become resolvable. 
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Figure 4.13 Low (a) and high (b) magnification STM images (? f BSAA processed 
70 75- T6 bare alloy surface 
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4.1.4.2 CAA anodic structure 
Figures 4.14a-c show the surface topography of the CAA processed alloys at higher 
magnification than previously studied. Only the 2024-T3 clad alloy exhibited the 
classical porous structure reported in the literature. 49 On close inspection the expected 
hexagonal pore array is not present, instead a more random array exists. Furthermore 
it is evident that a number of pores have merged with their nearest neighbours. 
Despite this, with the use of even higher magnification imaging, figure 4.15, pore and 
cell wall dimensions at the surface can be approximated as being in the range of 15 to 
30nm and 10 to l5mn respectively. Pore densities for the 2024-T3 clad alloy vary 
from 5- 10 x 10'ocm2. Regardless of the obvious structural differences these figures 
do agree with reported values for CAA 2024-T3 clad alloys. 94 
In the case of the 2024-T3 and 7075-T6 bare alloys there is no evidence of a pore 
structure. Instead there exists a less ordered structure, figures 4.14b-c. This can be 
further seen in cross-section, where the anodised bare alloy has a very nodular 
arrangement resembling that of a "cauliflower" or "sponge" structure, figures 4.14e-f. 
Comparing this to cross-sectional clad substrates, where a more regular columnar 
structure exists, perpendicular to the metal surface with some branching and 
termination of columns, figure 4.14d. This latter observation has also been noted by 
Zhou and Thompson et al. 57 
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Figure 4.15Sudýice topography (? f CAA 40,501'processed 2024-13 clad alloy 
A feature of interest with the clad material, shown in cross-section, is the way tile 
columns and hence the pores are smaller in diameter and more closely packed at tile 
top of the film than they are adjacent to the base metal. Cell size variations range from 
35 to 55nm at the surface of the oxide, to 75 to 100nm in the lower region of tile 
oxide. Like most studies using CAA this has previously been reported and these 
values correspond well with published values. ' 2" This trait could be explained with 
the change in voltage during the anodising process. It is well known that the top ofthe 
anodic film is produced at the start of the process with the subsequent anodic filill 
being "grown" from underneath. Another well-known characteristic of anodic films is 
that higher voltages produce larger cells within the oxide. Two possibilities arise from 
this. The first being that the smaller diameter, more closely packed structure is 
produced from the initial ramping of the voltage from 0 to 40V in the first 10 minutes 
of the cycle. The remaining film being produced during the later 40/50V period 
The second possibility is that the smaller diameter, more closely packed structure is 
produced at the 40V stage of the cycle and the remaining film being produced during 
the 50V period. This would seem unlikely as the closely packed structure rnakeS Lip 
about one-sixth of the overall film thickness, however, the 40V section of the cvcle 
takes up five-sixths of the whole 40/50V program (including ramping). This would 
suggest that the first proposed explanation is far more likely. 
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A further feature, from the idealised model, nicely demonstrated from an additional 
image of a CAA treated 2024-T3 clad alloy, figure 4.16 Is the presence of a barrier 
layer, its thickness and scalloped interface with the base aluminium. This is of interest 
as minimal sample preparation has been carried out for these images, with similar 
results to previous and lengthier work, being obtained . 
49 However, no evidence of 
feathered pore walls could be found, which work by the UMIST group have reported, 
using TEM. 33 
if 
?? 
t: 
Figure 4.16 Cross-sectional image of CAA 40,, 501 1 processed 2024-13 clad affiýv 
Anodic oxide thickness values obtained from cross-sectional views of anodised 
aluminium, are in the order of 3.0 ± 0.5ýtrn for the 2024-T3 clad alloy, 2.0 1 0.5lmi 
for the 2024-T3 bare alloy, and 2.5 ± 0.5ýtm for the 7075-T6 bare alloy. The film 
thickness for the bare alloy is speculative, as only limited cross-sections of tile 
anodised film with the base metal visible have been produced, purely down to the 
nature of the alloy and its fracture properties. Again, these results are in are in keeping 
with literature values and reflect the interesting trend that clad alloys produce a 
thicker anodic oxide than that of bare alloys of the same base alloy, possibly as a 
result of increased anodising efficiency for the purer clad surface. " 
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4.1.4.3 BSAA Anodic Structure 
Figures 4.17a-c show the surface topography of the BSAA processed alloys at high 
magnification. As with the CAA material, only the 2024-T3 clad alloy exhibits the 
porous structure as expected theoretically and previously seen experimentally for the 
BSAA process. 99 However, these pores are less resolvable at the higher 
magnifications, figure 4.18, appearing slightly 'sealed' in comparison to the open, 
more well defined pores of the CAA. Pore and cell wall dimensions for the BSAA 
oxide range from 10 to 15nm and 5 to 10nm respectively, with pore densities in the 
order of 5- 10 xI 010cm-2. 
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Figure 4.18 Surface lopography, oj'slandard BSAA processed 2024-13 clad alloy 
In cross-section, the 2024-T3 clad BSAA oxide structure shows a finer, more even, 
and non-branching columnar formation, figure 4.17d, to that of the CAA. I lowever at 
lower magnifications the fracturing mechanisms for the BSAA oxide do give the 
illusion of a branching columnar structure in that the cells have fi-actured 
perpendicular to the direction of growth in locallsed planes, figure 4.19, This may 
indicate some differences in mechanical properties between the BSAA and CAA 
oxides. 
Figure 4.19 Cross-seclional itnage (? fstandard BSAA processed 2024- 13 clad alhýv 
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As with previous CAA oxide films for the 2024-T3 and 7075-T6 bare alloys, the 
BSAA oxide produced on the same alloys displayed a "spongy", less ordered 
structure, figure 4.17e-f This is in direct contradiction to the work carried out by 
Thompson and co-workerS94 for 7075-T6 bare alloy, who reported a columnar 
branched porous structure. In their work they have made use of electro-polishing 
techniques prior to anodising. This may have removed a lot of the intermetallic 
particles on the surface that could be responsible for the formation of this "spongy" 
oxide. 102 
Film thicknesses for the BSAA process, acquired from cross-sectional images, were 
3.5 ± 0.5pm for anodised 2024-T3 clad alloy, 2.0 ± 0.51im for the 2024-T3 bare alloy, 
and 1.5 ± O. Spm for the 7075-T6 bare alloy. These results differ to literature values, 
mainly as BSAA oxide thicknesses vary considerably within the literature itself. 94 ' 121 
The major difference observed so far between CAA and BSAA anodic oxides has 
been that the BSAA exhibits a more dense and compact oxide compared with the 
CAA. In the case of 2024-T3 clad alloy this is apparent in the pore sizes and column 
structure, which could affect the stress distribution through the oxide when subjected 
to an applied force. In the case of the bare alloys the structure of the oxides appear 
very similar but they do differ in density. 
A major influence that may have an impact on bond strength and durability, which 
has already been touched upon, is the chemical composition of the anodic oxide and 
any surface contaminant. 
4.1.4.4 Chemical characterisation 
Studies using AES analysis showed no organic material present on the DSAA or CAA 
treated surfaces, table 4.7. The detection limits for carbon in AES was calculated to be 
approximately 0.5 atomic percent. 
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- --------------------- ........... 
........ . ... ...... 0 Al Al 
2024-T3 bare 63.4 36.6 57.5 42.5 
2024-T3 clad 63.6 36.4 61.1 38.9 
7075-T6 bare 63.2 36.8 60.5 39.5 
Table 4.7 Summary ofAES data showing no contamination on anodised surfaces 
AES data also showed no evidence of sulphur or boron, either in the surface or bulk 
of the BSAA oxide. This contradicts analyses reported within the literature, which 
claims sulphur to contribute to I atomic percent of the BSAA oxide. 98 
The XPS instrumentation used in these studies was unable to resolve any differences 
in anodic composition, in terms of OH groups present, only with the use of 
monochromated XPS have these differences been observed, 41 which was not available 
in this study. Results of XPS surface analysis of degreased-only aluminium alloy, 
along with BSAA and CAA treated material are given in table 4.8 
. .... . ........... 
. 
.......... ....... 
........ ''M 
.... .................. ... ... ......... ..................... - 
Degreased-only 32.9 30 37.1 
CAA 34.6 11.4 - 54 
PTAT i 33.8 9.7 2.4 52.6 1.5 
Table 4.8 Summary of surface composition, for degreased-only and anodised2024-T3 
clad substrates determined by ATS 
From the XPS data there is some evidence of aluminium sulphide at 17leV. It is 
unclear as to why this was not detected using Auger analysis, as the sensitivity for 
sulphur in AES is relatively high. An explanation for the occurrence of sulphur could 
be inadequate rinsing, leaving a solution residue behind, this would also account for 
the detected boron, which again contradicts previously literature work9s and AES data 
stated above. The presence of carbon on both the CAA and BSAA samples is thought 
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to be due to the vacuum system, which is operated at approximately 10-7 Torr. Any 
remaining organics left in the system (pump oil) would instantly be attracted to the 
high-energy anodised surface. Auger analysis was carried out at a vacuum of 
approximately 10-9 Torr with only water vapour likely to remain in the system, as a 
result AES showed no carbon present on the surface. 
Water contact angle measurements, as a means of indicating the surface free energy of 
the treated substrates, was carried out for the various anodised surfaces, table 4.9. 
This indicates the highly clean surface provided by the anodising treatments in 
comparison to the surface treatments prior to anodising, table 4.4. The very low 
values in table 4.9 confirm AES data in that the anodised surfaces are of high surface 
energy and therefore free from surface contamination. 
... . ................ 
CAA <5 
BSAA <5 
Typical standard deviations are; ± 3' 
Table 4.9 Water contact angles on anodised 2 024 clad alloy surfaces 
FTIR data for the anodised 2024-T3 bare alloy shows an additional peak for the 
standard BSAA at approximately 1150 wavenumbers, figure 4.20. This indicates the 
oxide contains sulphate with the peak being associated with the strong oxygen- 
sulphur double bond. The broad peak between 3000 and 3600 wavenumbers is 
indicative of H20 and is very similar for both anodised surfaces. 
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Figure 4.20 FTIR scans (? I'B,, YAA (a) and "A (h) processed 2024-73 bare allol, 
After heating at 100'C the H20 peak decreases, as would be expected This can be 
seen for both the BSAA and CAA anodised 2024-T3 clad surfaces. figures 4.21-4.22. 
The 1120 broad peak may be masking any hydroxide present on the surl . ace but you 
would expect to see some evidence of this peak at 3600 wavenuinbcrs after heating, 
which is not present on any of the scans. Additional peaks between 2800 and 3000 
wavenumbers after heating indicates that hydrocarbons are being absorbed onto dic 
surl'ace, this is true for both the BSAA and CAA oxide. In all cases the spectra 
resemble that ofboehmite. 
2h 
Figure 4.21 FTIRscuns ol'BSAA processed 2024-T3 clad alloy heated. fin- various limes 
K. 
-Yoldall 
A) 
44) 
1.11 
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Figure 4.22 FTIRscans qfCAA processed 2024-T3 clad alloy, heated. /bi- various litnes 
From all of the above, it appears that the oxides produced by the BSAA and CAA 
processes are very similar in terms of their surface chemistry with evidence 1'or 
limited borates and sulphates within the BSAA oxide. This is in contrast to tile 
literature, which suggests that the corrosion inhibiting properties ofthe CAA anodic 
oxide is the result of a reduction process frorn hexavalent to tri-valent chromium 
within the oxide itself. If this were the case additions such as molybdates, tungstates. 
vanadatcs. and permanganates may be considered to provide sinillar corrosion 
inhibiting properties. 
4.1.5 Non Standard Anodising Parameters 
Although the boundaries ofthe BSAA process are as wide as the number ol'variahles 
introduced, the requirements for an actual industrial user need to be considered. 
Considering that the standard process is already in use, the minimum deviation From 
this specification is most desirable from the operator's point of' view. With this in 
mind the main variables of degreasing. deoxidising. anodising parameters and post 
treatments have been studied individually. 'ro reduce the matrix to a manageable size. 
the majority ofstudies consider treatments on the 2024-T3 clad alloy only, 
13) 1 
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4.1.5.1 Deoxidising 
In view of the data obtained from the deoxidised only surfaces only the Pyrene 14-73 
and Chemcid 2218 were considered worthy of further study with subsequent 
anodising. SEM shows the surface topography produced by both the Pyrene 14-73 
and the Chemcid 2218 processes is reflected in the subsequently anodised surface. III 
cross-section, the structure and thickness of the BSAA oxide following Pyrene 14-73 
and Chemcid 2218 pretreatments appears similar to that of the standard BSAA 
process using the Tfi-acid etch, figure 4.23. 
.. s 
' 
çf'1 
('a) (b) 
Figure 4.23 CrOSS-seclional images oj'Pyrene 14- 73 (a) and Chemcid 22 IN (b) 
deoxidised and BSAA processed 2024-13 clad alloy 
SEM images of the electrochemically phosphoric acid deoxidised surface as shown 
previously, figure 4.8 and after subsequent BSAA anodising, figure 4.24a show the 
two surfaces to be identical, with a distinctive rough nodular texture. This shows that 
not only does the macroscopic surface topography, as in the case of scalloped features 
of the FPL and tri-acid, is transfered from the deoxidised surface through onto the 
final anodised top surface but any nano-scale surface features can also be transferred 
from the deoxidised surface to the final anodised film. In cross-section this is further 
illustrated for the anodised film, figure 4.24b, where a duplex oxide can clearly be 
seen. The upper most section (200 - 300nm of the oxide) consisting of' the 
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aforementioned nodules, with some branching taking place. The lower section is more 
characteristic of the BSAA cross-sections with a straight columnar oxide. 
(a) (b) 
Figure 4.24 Suýfýzce lopography (a) and cross-seclion (h) (? f'phosphoric acld 
deoxidised and BSAA treated 2024-73 clad a/kv 
4.1.5.2 Anodising electrolyte acid concentration 
All surface views for varying boric and sulphuric acid concentrations resulted in little 
evidence of increased open pore structures compared to that of the standard 13SAA. Ill 
fact the high sulphuric and low boric concentration, at the standard temperature, was 
the only variable, which altered open pore structure visually. High-resolution iniages 
of the BSAA cross-sectional films for varying boric and sulphuric acid concentrations 
showed no change in film structure, figure 4.25. All oxide columns appearing to be of 
similar size and uniformity, ranging from 30 to 50nm in diameter. 
From this, the evidence suggests that varying acid concentrations has little effect on 
the structure of the anodic film. Also from figure 4.26, showing the film thickness as a 
function of acid concentrations, determined from Eddy current analysis, It is clear that 
only the sulphuric acid affects the film thickness of the anodic oxide. This latter point 
has previously been observed by Thompson and co-workers. 94 
Av 
t "o 
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a) BSAA - lo" boric, lo" sulphuric acid 
concentrations, 2024-T3 clad 
c) BSAA - high boric, loA sulphuric acid 
concentrations, 2024-T3 clad 
k, 11(1; 111 
h) BSAA - loiý horic, high sulphuric acid 
concentrations, 2024-T3 clad 
d) BSAA - low boric, low sulphuric acid 
concentrations, 2024-'r3 cia(i 
Figure 4.25 Cross-seclional images of varying boric andsulphuric acid 
. 
ft)r BSAA processed 20 '14-13 clad alloy concentralions - 
I 'No 
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3. 
2. 
Film thickness 
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(33.5-4 
133-3.5 
02.5-3 
M 2-2.5 
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M 1-1.5 
00.5-1 
10 UO-0.5 
Boric acid 
concentration (g/1) 
Figure 4.26 Graph of anodicfilm thickness as afunction of varying boric and 
sulphuric acid concentrations in the BSAA electrolyte. 
4.1.5.3 Anodising electrolyte temperature 
Electrolyte temperatures studied were 15,20,30,35, and 400C with standard solution 
concentrations. The reduced electrolyte temperature of 15 and 20'C showed little or 
no change in pore structure compared to that of the standard BSAA process operated 
at 27'C. As expected, the higher electrolyte temperatures of 30,35 and 40'C did show 
evidence of increasing pore size. However, it was observed that if temperatures were 
increased too significantly, i. e. greater than 40*C, then "burning" occurred, rendering 
the material useless for adhesive bonding due to film breakdown. If required the 
sulphuric acid concentration could be reduced, so restricting the aggressive nature of 
the electrolyte at higher temperatures. 
From SEM analysis, the electrolyte temperature producing a structure most 
comparable to that of the CAA oxide was at 35T, with pore and cell wall dimensions 
in the range of 15 to 25nm and 10 to l5nm respectively. At lower temperatures pore 
sizes were not maximised and at higher temperatures pore merging was apparent, 
figure 4.27, eventually resulting in burning taking place. In fact if it were not for the 
137 
Sulphuric acid concentration (g/1) 
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occurrence of burning at 40T the surface topography in terms of porosity is virtually 
identical to that of the CAA 40/50V oxide as already shown in figure 4.15. 
Figure 4.2 7Surfacc lopography qfBSAA proce. vved 2024-13 clad alloy, wilh 
anodising electrolyte at 40"C 
As the higher temperature BSAA process had given the closest results to the CAA 
oxide, a full comparative study for the BSAA process with an electrolyte temperature 
of 35'C was studied for all the alloys under investigation and will be referred to as tile 
high temperature (HT) BSAA process. The results of HT BSAA processing ofvarlous 
alloys are shown in figure 4.28. The open pore structure of the HT BSAA 2024-T3 
clad material, figure 4.28a, shows the difference the increased temperature of the 
electrolyte has in comparison to that of the standard BSAA process, figure 4.1 7a. 
Cross-sections of this material demonstrate the more well-defined columnar structure, 
figure 4.28d, to that of the standard BSAA, figure 4.17d. Although this formation is 
closer to that of the CAA cross-sections, the high temperature BSAA oxide is still 
more uniform and less branched. There also exists no evidence of cell diallieter 
variations throughout the thickness of the oxide, which were observed for tile CAA, 
giving evidence that it is a voltage induced phenomena for the CAA process and not 
any variation in dissolution power of the solution at the electrolyte/filiii Intertace 
compared to the bulk oxide. 
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Both oxides produced on the 2024-T3 and 7075-T6 bare alloys using the HT BSAA 
solution do closely resemble that of the CAA oxide in plan view, figures 4.28b-c. The 
standard BSAA oxide surface is more dense, with only large voids present, whereas 
for both the HT BSAA and the CAA surfaces the "spongy" texture is more evident. 
This is further seen in the cross-sections of the oxide, figures 4.28e, where the 
morphology is less dense and nodular than that of the standard BSAA, with the cross- 
sectional high temperature BSAA and CAA oxides being almost identical for the 
2024-T3 bare alloy. 
Due to the material properties and despite numerous attempts, cross-sections of the 
high temperature BSAA processed 7075-T6 bare alloy could not be achieved, but 
from the topography and knowledge from earlier studies it can be assumed that this 
oxide processes the same spongy texture of earlier bare alloys, which is likely to 
closely resemble that of the CAA oxide rather than that of the standard BSAA. 
4.1.5.4 Anodising potential 
BSAA anodising potentials could only be varied from the standard 15V to 25V as any 
further increase resulted in burning. Cross-sectional images of films anodised at 20V 
and 25V are shown in figures 4.29a-b. In the case of the BSAA operated at 25V a 
difference between the base and the top of the anodic oxide was apparent, as was 
observed with the CAA 40/50V, where the cells are smaller in diameter and more 
closely packed at the top of the oxide, the dissimilarity being the magnification, with 
the cells of the CAA 40/50V being approximately twice the size of the BSAA 
anodised at 25V. This could impair bond strength and durability by restricting pore 
penetration of the adhesive system. 
With this evidence, the explanation of the ramping voltage producing variations in 
pore sizes still remains possible. For the increased anodising potentials the ramping 
section for the BSAA process does take a larger proportion of the total anodising time 
and as such anodic oxide would be expected to be produced while the voltage is being 
ramped. An alternative explanation could be explained as a post-anodising effect, in 
that after anodising when the material is removed from the solution and dried, 
hydration of the outer most surface occurs, producing a finer pore structure. However, 
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you would expect the same formation to occur for the high temperature BSAA oxide, 
which is not the case and so this effect can only be described as a voltage related 
phenomena. 
(a) 
; 
(h) 
Figure. 4.29 Cross-sectional images of BSAA processed 2024-73 clad tlffiýv wilh 
anodising polenlials (? f 20 V(a) and 25 V(b) 
The higher anodising potentials for the BSAA process also seem to produce a 
straighter, more uniform oxide than that of standard or HT process, possibly as a 
result of the increased electric field. In addition, as with most of the variants of the 
BSAA process, but most evident with the higher anodising potentials, the anodic cells 
display fracture, perpendicular to the direction of growth, in localised planes. This 
would suggest that this fracture mechanism is a result of the uniform structure of' tile 
oxide and any branching of the oxide, as in the case of the CAA, acts to prevent this 
type of failure. 
4.1.6 Post Treatments 
Figure 4.30a shows a standard BSAA surface in plan view following a subsequent 
phosphoric acid dip treatment. The effect of the dip has been to produce a highly 
etched surface, no longer uniform or continuous. At higher magnification, figure 
4.30b, it can be seen that the dip has significantly altered the surface structure ol'the 
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anodic oxide, giving a more feathered appearance. This may have two effects on the 
bond durability of a joint. The increased surface texture may improve mechanical 
interlocking and so aid bonding, secondly the heavily etched surface may have an 
adverse effect on the corrosion performance, providing easier access for moisture to 
access the underlying alloy. Published studies into the effects of phosphoric acid 
dipping following CAA 120, SAA'19 and PAA 40 have all concluded that improved 
results for adhesive bonding can be achieved, so it could be speculated that this 
surface treatment may likewise prove successful for the BSAA process, it' tile 
optimised treatment times are achieved. 
I; 
(a) 
I ": i. 11 .1V" Jg, * I- 
AVA 'All, tp-, 
4 
Figure 4.30 Low (a) and high (b) magnýficafions (? f lhesuýface lopograplýv qfHSAA 
processed 2024-13 clad alloy after subsequetil PA 1) 
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4.2 Mechanical Testing 
In Section 4.1 results have been presented showing the effects of varying parameters 
within the BSAA process in respect to the surface morphology and cross-sectional 
structure of the anodic oxide, in an attempt to produce an oxide analogous to that of 
the CAA structure. In order to evaluate the significance of these variations a series of 
mechanical tests were carried out, using the CAA 40/50V process as a benchmark. 
The results of this testing follow. 
4.2.1 Initial Joint Strength Assessment 
To assess bond strength and durability produced by the CAA 40/50V and BSAA 
processes, preliminary joint testing was carried out with the use of single lap shear 
(SLS) and standard wedge test joints, as detailed in Sections 3.4.1 and 3.4.3 
respectively. 
For SLS joint testing with 2024-T3 clad alloy, a variety of surface treatments 
including degreasing and deoxidising were used to compare with anodising processes. 
Maximum loads to failure are shown in table 4.10. 
Surface" treatment 'Force (N),,, 
Degreased-only 3350 
Degreased + Grit-blasted 5600 
Degreased + 'optimised' FPL etched 7250 
Degreased + Tri-acid etched 7300 
Degreased + 'optimised' FPL etched + BSAA 7700 
Degreased + Tri-acid etched + BSAA 8050 
Degreased + 'optimised' FPL etched + CAA 4015 OV 7950 
Typical standard deviations are; ± 200 N 
Table 4.10 Summary of SLSjoint strengthsfor various surface treatments 
To assess unstressed bond durability an investigation was carried out to measure the 
residual strength for SLS joints exposed to elevated temperature and humidity. It was 
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found that a time period of up to 7 weeks in deionised water at 60*C produced a 
reduction of 20% in joint strength with anod, sed pretreatments, this screening test was 
considered insufficiently discriminating to make any distinction between the various 
anodised surface treatments. In addition this would prove too long for evaluation 
purposes. Limitations of using SLS joints exposed to hostile conditions have been 
fully discussed elsewhere and the relevance to this work will be covered in more 
detail later. 
The Boeing wedge test has been shown to be a more capable test configuration for the 
evaluation of surface treatments on adhesively bonded joints and as a means of 
20,125 
quality control within industry. Both the standard CAA 40/50V and BSAA 
processes were evaluated using this method. Testing was carried out on 2024-T3 clad 
material and the results presented in figure 4.3 1. It is clear from the wedge test data 
that the standard BSAA process is significantly inferior to that of the CAA 40/50V 
process, and as such, indicates that it would be an unsuitable replacement to the CAA 
process prior to structural bonding, that is, with the processing parameters currently 
set as they are according to the Boeing specification. 
50 
45 
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0 
Figure 4.31 Summary of wedge test resultsfor CAA 40,5OVandBSAA processes on 
clad 2024 alloy under 60'C and 100% RH condifions 
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Subsequent analysis of the fracture surfaces showed the CAA 40/50V to clearly fail 
cohesively within the adhesive. The standard BSAA specimens revealed three visible 
failure modes distributed over the disbonded area, which was further investigated with 
the use of XPS. Apparent failure areas were labelled, areas I to 3 with both sides of 
the specimen being analysed. The results of which are presented in table 4.11. 
Element (At %) c Al N0 
Area 
1 -Side A 63.5 8.2 2.8 24.5 1.0 0.0 
I- Side B 73.8 0.0 5.2 19.8 0.0 1.1 
2- Side A 11.8 31.9 0.0 56.3 0.0 0.0 
2- Side B 13.1 31.0 0.0 55.9 0.0 0.0 
3- Side A 79.6 0.0 2.2 17.6 0.5 0.0 
3- Side B 79.8 0.0 2.7 17.5 0.0 0.0 
Table 4.11 Summary ofXPS datafor visibly differentfailure modesfrom wedge test 
specimensfor the standard BSAA process 
XPS reveals three very different types of failure for the standard BSAA. Area I shows 
a mixed cohesive failure at the primer/adhesive interface plus some failure at the 
oxide interface. Area 2 shows predominantly cohesive failure within the oxide layer 
and for area 3, cohesive failure within the adhesive is observed. XPS also confirmed 
for the CAA 40/50V specimens cohesive failure within the adhesive, the results of 
which are omitted as similar values for the failure in area 3 of the BSAA treated joint 
were apparent. 
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4.2.2 SLS Testing of Alternative BSAA Processing Parameters 
4.2.2.1 Electrolyte concentrations 
Table 4.12 shows SLS results from varying the concentrations of boric and sulphuric 
acids in the electrolyte. This experiment was repeated using the 'optimised' FPL 
rather than the standard tri-acid etch treatment with very similar results. As can be 
seen from table 4.12, no detectable change, within experimental errors, is observed for 
joints with varying concentrations of electrolyte. Similarly good values were observed 
in all cases. 
z' 'ý, ""', H2SO41 
'; H3B30! 3 
20g/l 30g/l 40g/l 50g/l 60g/l 
2.5g/l 7950 N 8200 N 8000 N 8150 N 7950 N 
5g/l 7850 N 8100 N 8050 N 7950 N 7800 N 
7.5g/l 7800 N 8000 N 7750 N 8350 N 7900 N 
pg-/, i 7750 N 7850 N 810ON 8400 N 7950 N 
Typical standard deviations are; ± 200 N 
Table 4.12 Summary of initialjoint strengths ofSLSjoints and anodic oxidefilm 
thicknessfor varying concentrations ofelectrolyte in BSAA in conjunction with Tri- 
acid etch. 
In an attempt to further studies using SLS joints, joints were exposed to elevated 
temperature and humidity for 30 days in a 5% sodium chloride solution. The extremes 
for electrolyte, high and low concentrations and including the standard solution 
makeup were utilised to measure the residual joint strength after exposure. Again this 
resulted in no distinguishable variations between dissimilar anodising parameters, 
table 4.13. 
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B, SAA electrolyte concentration' Unexposed joint, 
strength (N) 
'Residual joint strength,, ' 
after exposure 
20 g/l H2S04,2.5 g/l H3B03 7950 7650 
20 g/l H2S049 10 g/l 1-131303 7750 7750 
60 9/1 H2S04,2.5 g/l H31303 7950 8150 
40 g/l H2S04,7.5 g/l 1431303 7750 7750 
60 g/i H2S049,10 g/l H3BO3 7950 8050 
CAA 40/50V 7950 7850 
Typical standard deviations are; ± 300 N 
Table 4.13 Summary ofjoint strengthsfor varying BSAA concentrations ofelectrolyle 
before and after exposure to 5% NaCl solutionfor 30 days 
4.2.2.2 Increased temperature 
Table 4.14 shows the results obtained from varying the anodising bath temperatures 
with the standard BSAA electrolyte for SLS joints. Values obtained, once again, do 
not show any difference within experimental errors in joint strengths either between 
elevated or reduced temperatures. 
'Temperature loint, $trgý, 
15 7950 
26 8350 
35 7750 
40 7800 
Typical standard deviations are; ± 300 N 
Table 4.14 Summary ofinitialjoint strengthsfrom SLSjointsfor varying balh 
temperatures, using 50 g17 H2SO4, Z5 g17 H3BO3 
4.2.3 Wedge Testing of Alternative BSAA Processing Parameters 
The BSAA processing variants have shown equivalent SLS joint strength to that of 
the CAA 40/50V processed joints. At first glance this would be a positive result, but 
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as has been demonstrated for the standard BSAA process, which likewise displayed 
good initial joint strength using SLS testing, failure under wedge test conditions has 
proven disastrous in comparison to the CAA 40/50V specimens. As a consequence of 
this, supplementary wedge testing was carried out for the full range of BSAA 
variants. 
A graphical representation of the mean crack propagation after 100 hours exposure for 
all the investigated BSAA deviations is show in figure 4.32. In this figure reduced 
crack extensions indicate a better performing process. From the graph it is obvious 
which processes show potential for further evaluation and development. Expected 
trends are also evident from this data, i. e. increased temperature and voltage (within 
limits) have a positive effect on bond strength durability. Unfortunately insufficient 
voltage could be applied without burning taking place and so increasing the applied 
potential to its operational maximum only provides marginal improvement. Again 
with the elevated electrolyte temperature a value above 40*C incurred burning which 
from the data has an adverse effect on bond strength durability. However, the 
optimised temperature of 35T provides comparable wedge test data to that of CAA 
40/50V anodised wedge test specimens. 
The results here seem to suggest that the pore structure or surface topography of the 
anodised surface has a major influence on the bond durability. The surface treatments 
with bond performance comparable to that of the CAA 40/50V include: the BSAA 
operated at 35*C; the electrolytic phosphoric acid deoxidiser (EPAD) combined with 
the standard BSAA; the standard BSAA with subsequent phosphoric acid dip; the 
BSAA with both pretreated and post-treated phosphoric acid methods, and finally 
though to a lesser degree; the grit-blasted surface treatment combined with the BSAA 
process. The grit-blast treatment due to the slightly lower performance in wedge 
testing will be omitted from further studies, but it may be worth considering what 
surface properties this treatment has, that significantly improved the bond durability. 
From a consideration of equation (10) these data could be converted to fracture 
energies to provide quantitative pseudo-engineering data. This was not carried out as 
for this purpose only qualitative comparative data was required. 
148 
Chapter 4- Results K. Yendall 
E 
E 
I-- 0 IA 
0 
0 
x 
LU 
liz 0 lý§ Co 02 122 @ 
cý 
Q, 2D 
Ca 
Q2 ca Co Q2 
Co s- 5ýjg, 2ý .i. -i , > Af . 0. - -, p g- &0 
Co 
2; äý 
32 Q2 Co 
Figure 4.32 Summary of mean crack length a , 
fter 100 hours exposurefor various 
surface treatments on 2 024- T3 clad alloy using the wedge test 
From SEM analysis of the BSAA plus grit-blasted wedge test specimens, cohesive 
failure within the adhesive was observed with significant voids present. Surface 
characterisation within the literature for grit-blasted surfaces has shown a sharp 
jagged morphology with loose debris present on the surface. 19 If this were to be 
transferred through on to the anodised surface, as has been observed in this study for 
various other surface treatments prior to anodising, then this would explain the voids 
present in the fractured joints. The rough surface morphology will have two effects. 
Firstly, the increased surface roughness will aid mechanical interlocking of the primer 
and adhesive and would explain the increase in bond durability. Secondly, it will 
result in a lowered surface free energy, which will prevent full wetting of the primer 
adhesive system, so producing voids in the bond line as observed. In addition, any 
loose debris on the surface may be a secondary source of voids, which may prevent a 
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intimate contact of the adhesive at the interface. Considering the short equilibrium 
bond lengths for adhesion this is clearly a key requirement, see table 2.3. 
4.2.4 Nano-scale Hardness Testing 
One aspect of the BSAA oxide discussed in the literature is the soft brittle nature of 
the material. "'10 An explanation as to why the standard BSAA process fails under 
wedge testing, as indicated in Section 4.2.1, could be linked to the brittle oxide being 
unable to withstand the applied load, such that cohesive failure within the oxide 
would occur. In addition this type of failure would only be expected if limited 
penetration of the uppermost oxide had occurred. In this scenario it could be assumed 
that the pore sizes of the standard BSAA oxide only allows partial pore penetration of 
the adhesive such that a mixed mode of failure takes place, which XPS failure studies 
have already revealed and demonstrates that this theory can be verified 
experimentally. 
Nano-scale hardness testing was carried out, on treated 2024-T3 clad alloy, in an 
attempt to find evidence for the above supposition. Figure 4.33 demonstrates the 
influence the underlying substrate has on the measured hardness with depth controlled 
indentations. 
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Figure 4.33 Summary of hardness verses depthfor various treated surfaces 
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The variation in hardness with plastic depth is evident on all the samples except the 
untreated control aluminium alloy, which is known to have a very thin native oxide. 
The hardness of the clad material was 0.36 ± 0.1 GPa, and did not vary significantly 
with depth. All other manufactured oxides showed an increase in hardness as the 
indentation depth is decreased, as expected for a harder film on a softer substrate. For 
deeper indentations the measured hardness is dominated by the underlying substrate, 
i. e. the values approach that of the clad substrate, and there is little difference between 
the CAA 40/50V, BSAA and the electrolytic PAD plus BSAA. Interestingly, the 
decrease in hardness with increasing depth on the HT BSAA sample is more gradual, 
suggesting a thicker coating than those produced by other treatments. 
The decrease in hardness near to the surface may be explained by the effect of 
porosity in the coatings. If this is true, then from the data, the HT BSAA and the 
electrolytic PAD plus BSAA coatings appear to be more porous at depth than the 
CAA 40/50V and standard BSAA, which is unexpected for the CAA 40/50V 
treatment, as this has been shown to have similar porosity to that of the HT BSAA. 
All the oxides exhibited several abrupt 'pop-in' steps during loading, figure 4.34; 
these were absent on the untreated material. These abrupt steps are characteristic of 
materials that are susceptible to cracking and brittle fracture. For all the samples they 
occurred at approximately the same applied load (and indentation depth), as shown in 
figure 4.34 for the BSAA oxide. Cracking is clearly evident, particularly at loads of 
-50 and 100mN. It is possible to define a critical load threshold below which 
fracturing does not occur. This critical load was -50 mN on the CAA 40/50V, BSAA 
and the electrolytic PAD plus BSAA but was much higher -180 mN on the HT 
BSAA sample. This indicates good stress transfer through the HT BSAA oxide to the 
interface. 
151 
Chapter 4- Results K. Yendall 
5378- 
I 
D 
e 
p 
'n 
m 
0 
Load, mM 295.3 
Figure 4.34 Pop-in effects during loadingfor BSAA treated 2024-T3 clad alloy 
A further investigation using load-partial-unload techniques has evaluated the 
variations in hardness and modulus within the 200 to 1200 nin regime; a summary of 
the data is given in figure 4.35. This confirms large differences in hardness between 
the samples at low depths. As a rule of thumb, indentations should be less than I/ 10 of 
the total oxide thickness to avoid substrate influence. At depths below -500 nm the 
data reflects the increasing contribution of the substrate to the measured hardness, as 
was seen in figure 4.33. In the range 200 to 500 nin, the hardness of the CAA 40/50V 
and the BSAA samples continue to increase closer to the surface, while the hardness 
of the HT BSAA and the electrolytic PAD plus BSAA decrease considerably. If the 
coatings were smooth and isotropic, the hardness would be expected to level off 
below 1/10 thickness (300 to 500 nm). Changes in chemical composition, surface 
roughness and coating porosity are all possibilities for the continuing decrease 
observed. 
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Figure 4.35 Summary of Load-partial-unload data showing variations of hardness 
with depth 
It was noted above, using this technique, that the HT BSAA oxide is thought to be 
thicker than the other oxides produced, in view of its greater hardness at increased 
indentation depth, and its greater resistance to fracture. Interestingly, its hardness does 
not continue to increase but levels off and decreases as the interface is approached. 
High porosity in the coating would explain this behaviour. With a highly porous 
material, it is necessary to indent to a greater depth to reach the same volume of 
material, which supports the applied load. 
The results of the depth-controlled indentation, from 200 nm to 5 ýtm, and the load- 
partial-unload technique have revealed differences in the variation in hardness with 
depth between the samples. The data is consistent with the CAA 40/50V, BSAA, HT 
BSAA and the electrolytic PAD plus BSAA coatings having thickness approximately 
3 to 5ýtm, which are harder near the outer surface, and become softer nearer the 
coating-substrate interface. 
Finally to assess the mechanical homogeneity of the oxides hardness and modulus, 
values were determined at constant depths into different areas of the oxide. The 
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results of 300 mn indentations, table 4.15 revealed some differences in the mechanical 
properties across the coating surface; they are clearly not completely homogeneous at 
this scale. This is likely to be predominately due to coating porosity and surface 
roughness rather than varying chemical composition. 
Surface treatment p"j", h, ýý h, ý-- ''I H (GPa) Er (Gp -", a) :, ";, ý111 
(m. N) (mN) (tun) Mean M an, I e 
Untreated 1.69 467 459 O. T 0.04 61.9 2.3 
CAA 40/50V 9.01 353 316 3.26 0.32 94.7 5.2 
BSAA 10.23 337 295 4.23 0.42 99.7 5.1 
HT BSAA 6.97 379 346 2.09 0.12 75.9 2.8 
EPAD +BSAA 3.92 
1 
512 
1 
495 0.62 0.05 62.9 2.8 
Table 4.15 Hardness and Modulus datafor surface treatments on 2024-T3 clad alloy 
The point-to-point variation is, however, small when compared to the differences 
between samples. Hence the anodic oxides can be clearly ranked by their hardness or 
elastic modulus, since both follow the same trend: 
H (BSAA) >H (CAA) >H (HT BSAA) >H (EPAD + BSAA) >H (Unprocessed) 
Er (BSAA) > E, (CAA) > F, (HT BSAA) > E, (EPAD + BSAA) ý: E. (Unprocessed) 
From the indentation results, the proposed mechanism for the presence of a brittle 
BSAA oxide seems a possible explanation, in that the BSAA oxide has a geater 
hardness value and as such would be expected to be more brittle in comparison to that 
of the CAA. An important result shown here is that the HT BSAA has a lower 
hardness value to that of the CAA and also a higher critical load threshold below 
which fracture is not expected to occur. The area of interest is in the regime from 0 to 
500 mn, where both the HT BSAA and the electrolytic PAD plus BSAA oxides 
exhibit a decrease in hardness compared to the CAA 40/50V and the BSAA oxides 
which continue to increase in hardness, approaching the outer surface. This could be 
explained by the differences in porosity of these materials but from the electron 
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microscopy work one would expect the CAA 40/50V oxide to have a similar porosity 
to that of the HT BSAA and the electrolytic PAD plus BSAA processes. 
4.2.5 Further Evaluation of Prospective Anodising Processes 
So far three main alternative processes have been identified to replace or modify the 
anodising parameters of the standard BSAA process. The post PAD treatment is of 
limited use as initial corrosion testing showed an increase in corrosion rate, due to the 
reduced anodic oxide film from acid dissolution. In addition, the literature has 
highlighted a wetability issue associated with this surface treatment. 119"20 Despite this 
being overcome with the use of a primer, in these studies, it does indicate that the 
surface treatment is not ideal. From a practical point of view this option would also 
prove prohibitively expensive, as the addition of a further tank to a production line 
would be required. In a similar manner the electrolytic deoxidiser, EPAD, involves 
the replacement of the standard tri-acid etch solution, which would then have to be re- 
qualified for the standard BSAA specification for corrosion protection and paint 
applications. Hence, the HT BSAA process was chosen to be carried on to the next 
stage for further evaluation. This process appears to be the simplest and most cost 
effective modification that has shown sufficient promise in terms of producing the 
necessary bond strength and durability. 
As a result a full evaluation matrix, using the 2024-T3 and 7075-T6 bare and clad 
alloy types was carried out for the HT BSAA process which included wedge, 
environmental exposed single lap shear, T-peel, fatigue, coating weight, neutral salt 
spray and filiform corrosion testing. All corrosion results will be discussed in a later 
section, the mechanical testing results are presented below. 
4.2.5.1 Evaluation of the HT BSAA Process 
Figure 4.36 illustrates the results obtained from the environmentally exposed SLS 
joints, pretreated using either the CAA 40/50V or the HT BSAA process. Exposure 
details are given in Section 3.4.2. The results show that there are marginal differences 
in joint strengths between the HT BSAA and the CAA 40/50V joints. Although the 
errors in this experiment were found to be in the order of 5%. For the unexposed 
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treated specimens the difference in initial joint strengths between the 2024-T3 and the 
7075-T6 bare alloys are to be expected. As the 7075-T6 alloy has a greater stiffness, 
hence causing less peel and this results in an apparent increase in joint strength with 
respect to the 2024-T3 bare alloy. 
For both surface treatments using the 7075-T6 bare alloy it can be seen that there is a 
greater decrease in joint strength over the 30 day exposure, due to the increase in 
corrosion compared to both surface treatments on the 2024-T3 alloy. This is thought 
to be explained by the presence of the magnesium and zinc in the 7075-T6 alloy 
increasing the corrosion potential of the alloy. 
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Figure 4.36 Summary of environmentally exposed SLSjoint strengths 
In this work the standard ASTM adherend dimensions were used, however, the same 
patterns that were seen compared to the in-house SLS joints are present, In both test 
geometries adherend bending was observed, producing significant peel forces. This 
would suggest that an even thicker adherend might be required to minimise peel for 
this type of testing. It is thought that the use of the high performance aerospace grade 
adhesive used in this study has contributed to the above observation. For lower 
performance adhesives a lower shear force would be expected to cause failure and as 
a result less peel induced from the joint configuration. In this state adhesion due to the 
surface treatment would be more distinguishable. From this work it is believed that 
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for these high performance aerospace grade adhesives, thick adherends are required in 
the order of >3x 10-3 m to allow full evaluation of the adhesive properties of the 
surface pretreatments by minimising peel. 
The full set of wedge test data comparing both the HT BSAA and CAA 40/50V 
processes with the 2024-T3 bare and clad alloys in addition to the 7075-T6 bare and 
clad alloy adherends are presented in figures 4.37a-b. These were pretreated and 
processed within an industrial environment but tested under laboratory conditions. 
Unfortunately, due to confusion in the processing methods, wedges were inserted 
prior to being received for testing and in order to gain any sensible data from these 
test pieces the wedges were driven a further inch into the specimen and then tested. 
As a result interpretation of this data has to be carefully considered. It was also later 
discovered that the primer thickness for the CAA 2024-T3 clad and 7075-T6 clad 
processed coupons was too great and would have contributed to the excessive failures 
found in testing. Most significantly, all cases for the HT BSAA wedge test coupons, 
the failure was cohesive within the adhesive. In contrast, with the CAA 40/50V 2024- 
T3 and 7075-T6 clad specimens, failure appeared to be either cohesive within the 
adhesive or within the primer layer, caused by the excess application of the primer 
creating a structurally weak layer. 
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Figure 4.37 Summary of wedge test dataforHTBSAA and CAA 4015OVfor clad (a) 
and bare (b) alloys 
As discussed in the Introduction, peel testing has been shown to be a highly selective 
mechanical testing technique for surface pretreatments in curtain circumstances. 
Floating roller peel testing in this work has shown a positive result for the 2024-T3 
clad alloy substrate, processed using the HT BSAA, when compared to that of the 
CAA peel test results, figure 4.38. In this case the HT BSAA gave approximately six 
times the peel strength per unit width compared to the standard CAA. 
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Figure 4.38 Summary ofpeel lestingfor HTBSAA and CAA 40,, '50T'processes 
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4.2.6 Fatigue Specimens 
Two aspects of fatigue were considered in this study. Firstly the fatigue behaviour of 
the bulk processed substrates only, as detailed in Section 3.4.6. Secondly the fatigue 
perfonnance of bonded joints exposed to a sinusoidal load as detailed in Section 3.4.7. 
Firstly, a possible problem associated with the HT BSAA process is the increased film 
thickness and as a result coating weights. Industrial experience has experienced 
fatigue problems in the past with the CAA process and associated this to over-sized 
etch pits and anodic film thicknesses being too great. 91 It has been proposed that as 
coating weights increase, a reduction in fatigue performance occurs, but this may have 
an advantageous effect on corrosion resistance, so an optimised coating weight may 
be required. 
Results to assess fatigue strength loss of the adherend, table 4.16, show that dumb-bell 
specimens anodised according to the HT BSAA parameters for both the 2024-T3 and 
7075-T6 bare alloys revealed better fatigue perfonnances than that of the CAA 
40/50V processed specimens. - This demonstrates that in practice the HT BSAA 
process does not have any detrimental effects on the fatigue properties of the anodised 
substrate. 
Stress (MPa) 
-T3 , 
2024 
Untreated 245 187 
CAA 40/50V BSAA@350C CAA 40/50V BSAA@350C 
At 100000 cycles 
Reduction of Stress (%) 20 18 24 18 
Table 4.16 Summary offatigue strength loss after HT BSAA and CAA 40150 V 
processes 
Secondly, fatigue data obtained using SLS joints with 2024-T3 clad alloy, table 4.17, 
shows a large increase in fatigue performance gained from anodising compared to 
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degreasing or acid etching. The data also suggests that the EPAD combined with the 
BSAA, performs comparable to or better than the standard BSAA and HT BSAA. 
Surface treatment 
Maximum Cycles to fhilure-., 
"ýý,, ý,;, ýý, ý, , 11 ,, I 
Air Vater 
Degreased only 2236 3387 
Tri-acid 724603 409307 
FPL 2358100* 936687* 
Standard BSAA 1531773* 1928228* 
HTBSAA >3380972 1764259* 
PAD + BSAA >4310325 >2554557 
CAA 40/50V >3276169 3053057* 
* indicates failure within the adherend 
Table 4.17 Fatigue performance datafor various surface treated bondedjoints 
4.2.7 Primer Penetration Within the Anodic Oxide 
Many methods have been attempted in the assessment of pore penetration by the BR- 
127 primer used in these studies, including fracture analysis, polishing, ultra- 
microtoning, and variable angle EDS analysis. Only fractured cross-sectional 
specimens combined with EDS proved to yield useful information on pore penetration 
of the primer into the oxide morphology. The problem with this type of analysis is 
that the EDS spectra represents a sample volume and not a small point source, such 
that the resolution of this type of work is limited and only elemental trends can be 
acquired. 
Figure 4.39 shows a fractured cross-section of a CAA 40/50V anodic oxide, primed 
with BR127. EDS analysis, carried out at points from top to bottom of this cross- 
section, suggests primer penetration through the CAA oxide. This is indicated by 
figure 4.40, which shows the ratio of carbon to aluminiurn peak heights as a function 
of position through the primer and anodic oxide. Full EDS data in relation to the 
analysis areas is appended, see Appendix A. 5 
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As has been demonstrated, in Section 4.1.5, that the oxide structure of the HT BSAA 
is of a similar structure to that of the CAA then it would be expected that this same 
primer penetration would be present throughout the HT BSAA oxide. Interestingly, 
for the CAA 40/50V primed cross-section the oxygen remains at a constant low level 
throughout the primer/oxide interphase. This is indicative of low sensitivity of EDS to 
oxygen. 
Sao- 
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Figure 4.39 FEGAM cross-sectional image of a primed CAA 40 501,2024-13 clad 
alloyshowing areas of EDS analysis 
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43 Corrosion Testing 
From the surface characterisation section, Section 4.1 of this chapter a high 
temperature modified version of the BSAA process has been identified that is capable 
of producing a similar oxide structure to that of the CAA 40/50V process. In addition, 
the mechanical testing carried out has shown that this modified BSAA process is also 
capable of producing the same bond strength and durability to that of the CAA 
process. The work presented in this section concentrates on the corrosion studies of 
both the CAA 40/50V and HT BSAA processes in a comparative manner to assess if 
this modified BSAA process can produce the same corrosion resistant properties. 
4.3.1 Salt Spray 
Salt spray test results are presented in table 4.17, these were obtained using the 
procedures detailed in Section 3.5.3. A pass or fail criteria was defined by the onset of 
pitting within the allocated exposure time. From the data, the corrosion resistance of 
the unsealed HT BSAA to salt spray appears to be inferior to that of the unsealed 
CAA 40/50V, which would be expected to pass for all alloy types. 
ýIloy'Substrate, -,: Unsealed'HT BSAA, Sealed.,. -,. 'ýýHT,., -, BSAk , 
336 hoiirs oin 10OOh' 
2024-T3 clad Pass Pass 
2024-T3 bare Fail Pass 
7075-T6 clad Fail Pass 
7075-T6 bare Borderline Pass 
Table 4.17 Summary ofsalt spray resultsfor HTBSAA 
4.3.2 Filliform Corrosion 
Results from filiform corrosion testing are presented in table 4.18, using procedures 
detailed in Section 3.5.4. From this data it can be seen that the CAA 40/50V 
pretreatment shows a marginal corrosion improvement for the 2024-T3 clad substrate 
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when compared to the HT BSAA pretreatment, both in the vertical (9.1 verses 10.8 
MM 2) and horizontal (14.4 verses 17.8 mrn2) scratch direction. Taking into 
consideration the standard deviation for these values it would suggest that this 
difference is marginal and more a statistical phenomena rather than a real effect. Only 
a much larger sample study would be able to evaluate this further. From the results for 
the 2024-T3 clad substrates it is anticipated that both surface pretreatments would 
provide very similar corrosion resistance performance within actual service life. 
'Horizontal scratch 
Substrate'& max. Total Standard, 7otaF"`, j'ý'I`1:!, ' 
Pretrcý: af'm`ent Length Corrosion Deviation,,, Leni6,, ` Corrosion Deviation 
(mm) 'ýrhm 2 I ý ý, l 1 ii, ý ,"V 
2024-T3 Clad 1.0 9.1 2.0 1.5 14.4 4.6 
CAA 
2024-T3 Clad HT 1.0 10.8 3.9 2.0 17.8 4.9 
BSAA 
2024-T3 Bare 2.0 19.4 2.4 1.5 18.7 4.8 
CAA 
2024-T3 Bare HT 1.5 11.6 2.9 1.0 13.0 2.9 
BSAA 
7075-T6 Clad 2.0 14.9 4.5 3.5 26.6 13.4 
CAA 
7075-T6 Clad W 1.5 10.7 2.4 1.5 15.8 7.7 
BSAA I I I I 
Table 4.18 Filiform Corrosion datafor various anodised substrates 
The filiform corrosion results for the 2024-T3 bare and 7075-T6 clad anodised 
substrates suggest that the CAA 40/50V pretreatment offers less corrosion protection 
than that of the HT BSAA pretreatment, in both the vertical and horizontal scratch 
direction. Again the standard deviations are relatively high and bring into question 
any true differences. Certainly, for the 2024-T3 bare pretreated alloy, results in the 
vertical direction do imply a performance gain from the HT BSAA processes when 
compared to the CAA 40/50V results. 
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All test panels exhibited the trend that the average total corrosion area of the 
horizontal scratch was higher than that on the vertical scratch, calculated over 
comparable panels. This can be related to the rolling direction of the alloy during 
fabrication, which were parallel to the horizontal scratch direction. This is to be 
expected as the underlying rolling lines will resist the filiform corrosion, where as in 
the vertical direction the filiform corrosion would be expected to travel more freely in 
the direction of the rolling lines. 
4.3.3 Polarisation Experiments 
Extensive polarisation studies were carried out with various pretreatment options and 
alloys. The following section provides a summary of the more significant results. All 
plots for the untreated bare and clad 2024-T3 and 7075-T6 alloys are of a similar 
nature. The untreated clad alloys show a slight increase in corrosion resistance in 
comparison to the untreated bare alloys indicated by the decrease in the limiting 
current on the anodic section of the curves, see figure 4.41. 
Potential (,, -nV vr*, P E' , 
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I OE-03 I OE-02 I DE-01 I CE-00 I OF+01 I OE+02 
Current ýmA) 
Untreated 2024-T3 bare alloy 
Untreated 2024-T3 clad alloy 
Figure 4.41 1"olarisation cumsfor untreated 2024-T3 ahiminium allov 
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A further increase in corrosion resistance is present in the HT BSAA processed 2024- 
T3 alloys, again shown by the decrease in limiting current in the anodic direction, 
figure 4.42. This is also true when considering cathodic corrosion. For the HT BSAA 
2024-T3 alloys, sealing of the material does appear to improve the corrosion 
resistance of the various processed surfaces but the cladding appears to contribute the 
most to the corrosion resistance of the underlying treated alloy. 
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Figure 4.42 Polarisalion ctin, es. for HTBSAA processed 2024-13 ahinfinnim alhýv 
For the CAA 40/50V processed 2024-T. 3' alloys, the sealing process seems to 
contribute the most to the corrosion resistance, with the influence of the bare or clad 
alloys affecting the corrosion resistance to a lesser degree, figure 4.43. 
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Figure 4.43 Polarisation citrvesfor CAA 40 501'processed 2024-73alumilihim allov, 
From these data it is apparent that, both the HT BSAA and the CAA processed 2024- 
T3 clad and bare alloys have very similar curves both when sealed or left unsealed, 
suggesting that the two processes have similar corrosion properties. Marginal 
differences were indicated by the limiting current, which showed that the sealed CAA 
40/50V 2024-T3 bare material showed slightly improved corrosion resistance 
compared to the HT BSAA sealed process of the same alloy. However, the HT BSAA 
unsealed 2024-T-33, bare alloy performed better than that of the CAA 40/50V unsealed 
material. This can be explained as the CAA 40/50V oxide does have a slightly more 
open pore structure in the unsealed condition than that of the HT BSAA unsealed 
oxide such that it will allow easy access of moisture down to the vulnerable base 
alloy. In the sealed condition the hydrated oxide, for the CAA 40/50V, and chromated 
seal of the HT BSAA process will restrict corrosion. In the case of 2024-T3 clad 
material, the HT BSAA sealed material out performed the CAA 40/50V sealed 
material and the corrosion resistance of the HT BSAA unsealed material surpassed 
that of the CAA 40/50V unsealed material. 
166 
1. OE-04 I I. E 03 1 ýE 02 1 0-ý ol I OE-00 I OE, 01 Ot-02 
Curront (mA) 
Chapter 4- Results K. Ycndall 
The 7075-T6 clad alloys show similar trends for the various surface treatments as the 
2024-T3 clad alloys, see figures 4.44 - 4,45. However, the 7075-T6 bare alloys show 
a slight variation, with the HT BSAA unsealed 7075-T6 bare alloy appearing to have 
better corrosion resistance than that of the HT BSAA sealed 7075-T6 bare alloy. 
Potential (mV%Tt RE, 
IS 
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I CE-05 ', OE-C4 I OE-03 0=-ý2 
HT BSAA 7075 bare sealed 
I IT BSAA 7075 clad scaled 
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I'ti, rRnt (mA) 
HT BSAA 7075 bare unsealed 
IIT BSAA 7075 clad tin-caled 
Figure 4.44 Polarisalion curves. for HTBSAA processed 7075-TO aluminhin? affiýv 
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The erratic nature of the current at higher potentials for all of these anodised surfaces 
is indicative of a thin oxide film protecting the various alloys but the film continually 
undergoing breakdown and repair during the polarization scan. This type of corrosion 
is most evident on the clad alloys, which may be explained as the corrosion caused by 
the increasing potential, penetrates the oxide layer which exposes the reactive pure 
aluminiurn underlying which then oxidises to form a protective oxide layer again 
This process continuing until the cladding is fully oxidised. 
EIS was not available in these investigations, however, very recent EIS studies in the Cý 
liturature have demonstrated a high temperature sulphuric acid/boric acid/sodium 
borate electrolyte to produce corrosion resistant oxides comparable to that of CAA 
40/50V anodic coating. 170 
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4.3.4 Scaled Anodic Oxides 
Sealed anodic oxides were considered worthy of study due to their potential to 
provide improved corrosion resistance though possibly at the expense of structural 
bonding performance. SEM plan views of CAA 40/50V sealed surfaces sllo\A, a 
crystalline structure irrespective of alloy, figure 4.46. For the 2024-T3 bare alloys this 
crystalline structure was continuous over the whole surface whereas for the 2024-T3 
clad and 7075-T6 bare alloys, a second flat amorphous Surface. was also present, 
figure 4.46b, This crystalline surface is not commonly reported and only limited 
information exists within the literature on this type of structure. It has been Suggested 
as consisting of y-AIOOH and is only apparent for sealing times in excess of' 30 
minutes in boilinla water . 
49 
(a) (h) 
Figure 4.46 Sectled CAA 40 501'anodic oxide on 2024-13 hare (a) atid chid (b) affiývv 
Cross-sectional information for the CAA 40/50V, 2024-T3 clad sealed material 
revealed a dense band of oxide immediately beneath the crystalline StrUCtUre, timirc 
4.47a, in the order of 0.4ýtin where the oxide and pores have been iLilly sealed. A less 
dense sealed structure lies below this dense band, where pores arejust visible but still 
clearly sealed. From the mechanical testing section of this chapter, it is this section of 
the oxide, in the unsealed state, that has been suggested as having the most influence 
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on the strength and clurabilitv of a bonded joint. It is of interest that it should be this 
same region, in the sealed state, that appears to provide the corrosion protection. 
This strip of dense oxide is less obvious on the bare alloy with the entire cross-section 
appearing to be fully hydrated, figure 4.47b. 
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Figure 4.4 7Seuled cross-section (? f CAA 40 50 I'atiodic oxide oli 2024- ,/3 clad (a) 
and bare (b) alloyýv 
The HT BSAA sealed process for both the bare and clad 2024-T-3) allovs show a 
different pattern, with very little differences to that of the equivalent unsealed 
material, figures 4.48. In addition, the sealed HT BSAA material does not show the 
same dense oxide band that was present in the CAA 40/50V processed material. 
Unfortunately, to date the standard BSAA sealed process has not been included in 
these studies, however, Mansfeld and co workers 121 have carried out this work and 
found similar result to that of the HT BSAA process. Their invest 1 gat ions suggested 
that the pores of the BSAA sealed oxide remain open and apparently 1-111 with 
corrosion inhibiting chromates. 
It is thought that the chromate is inhibiting the hydration of the oxide and again fironi 
Mansfeld's work alternative sealing solutions for the BSAA process have been 
ilar hvdratIon results to that of the CAA 40/50V sealed reported as producing sinil 
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oxides. Despite the sealed oxide not showing the same structural characteristics of 
that of the CAA 40/50V oxide it has been shown that the same if not better corrosion 
performances can be achieved with the dilute chromated sealing solution. 
IA 
(a) (b) 
Figure 4.48Sectledcross-seclioli (? I*HI'BS4,4 atiodic oxide oti 2024-13chid(a) cmd 
bare (b) allovs 
4.3.5 Anodic Coating Weights 
Two ways of altering the coating "eight for the BSAA process is to either change tile C 
anodising time, or acid concentrations. In theory, the effect of' increasing the 
anodising time causes an increase in film thickness until equilibrium is reached where 
dissolution rates are equivalent to formation rates and the oxide remains constant. 
Figure 4.49 illustrates the coating weight for the I IT BSAA as a I'Linction of' tinic. 
goestino that the I IT There is no apparent levelling of the slope with increasing time SU " -n 
BSAA process can produce much thicker anodic oxides than used in the present 
study. In Section 4.1.5, it was shown that variations in sulphuric acid concentration 
within the electrolyte effects the film thickness. A reduction in concentration \\, as 
shown to reduce the film thickness. 
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If high coating weights were to be attributed to poor fatigue performance it is clear 
from figure 4.49 that a reduced anodising time may solve this problem. 
A comparison of coating weights for the standard CAA 40/50V, standard BSAA and 
HT BSAA processes are shown in table 4.19 for the various alloys. 
Alloy Substrate 2024-T3 bare I 2024-T3 clad bare 
Average Coating Weight (mg. dm-) 
CAA 40/50V 48.4 70.0 40.0 
BSAA 40.1 60.7 43.4 
HT BSAA 45.5 86.6 59.4 
Table 4.19 Summan, (? f coating vveights. for various CAA 40 50 [processed uffiýv 
suhslrales 
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5. Discussion 
As indicated in the Literature Review the most successful metal bond pretreatments 
provide surfaces, which have the following properties: micro-roughness; corrosion 
resistance; mechanical stability, and; freedom from contamination. In this section the 
various treatments will be considered in terms of how they modify the surface in 
terms of these parameters and importantly, how the modified surfaces function in 
terms of adhesion perfonnance and corrosion resistance. 
5.1 Degreasing 
The degreased-only surface was considered of interest since it is the minimum 
treatment which would, in practice, be carried out prior to bonding. The results 
obtained for the degreased-only 2024-T3 alloys are in good agreement with those 
reported in the literature. 101 
SEM showed that the surface topography of all the alloys under investigation were 
very similar, being relatively featureless with only shallow rolling lines and scratches 
visible. This observation was confirmed using stylus profilometry, table 4.1, which 
showed that all of the alloys displayed similar Ra and Rt values. The aforementioned 
mechanically produced features having a mean roughness of approximately 
0.07 x 10-6 in and maximum peak-to-valley heights of approximately 0.6 xI 0-6M; see 
table 4.1. 
The degreased-only aluminiurn alloys used in this study have been shown to possess 
varying levels of surface organic contamination with AES indicating carbon levels in 
the range 7.3 to 31.1%; see table 4.2. Such low levels indicate monolayer or sub 
monolayer coverage. The presence of organic contamination was confin-ned by water 
contact angles, giving values between 40* and 70% A clean metal surface would be 
expected to have a free energy much greater than the 72.8 Mj. M, 2 required to enable 
the triply distilled water used to completely wet the surface. 
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The presence of high levels of magnesium, see table 4.2, in the outermost atomic 
layer of the degreased-only bare alloy substrates'is not unexpected and has previously 
been reported by Pocius et a ý6 amongst others. The role of the magnesium has been 
discussed by a number of workers. It is most likely that this provides a hydrolytically 
stable, but mechanically unstable or friable oxide. A number of studies have shown 
degreased-only 5000 series alloys to fail within this friable oxide layer. Furthermore, 
Pocius has also gone on to show that this oxide is removed by FPL etching and this 
may explain why no adverse effects are present when using etched and anodised bare 
alloys for adhesive bonding. 
AES depth profiling indicated that there was evidence of differing oxide thicknesses 
from separate batches of the same alloy. Figure 4.3 indicating an oxide thickness of 
approximately 20 nm for the 2024-T3 clad alloy, but this was measured up to 80 nm 
on later batches of the same alloy. 
These results demonstrate that degreasing serves only to remove gross organic 
contamination from the surface of the aluminium. alloys and does not alter the surface 
structure or oxides present on the surface. 
The degreased-only 2024-T3 clad alloy gave a mean initial SLS joint strength of 
3350 ± 200N. This compares very unfavourably with all of the chemical or 
electrochemical processes used; see table 4.10. Visual inspection indicated apparent 
interfacial failure. Similarly poor joint test performance was observed in cyclic fatigue 
testing with degreased only 2024-T3 clad adherends failing in the dry ambient after a 
mean value of approximately 2200 cycles and 3400 in the wet; see table 4.17. Again, 
these values were very low compared with other pretreatments. In addition, the 
polarisation r esults s howed s imilar p oor corrosion r esistance for all d egreased-only 
alloys with a relatively high limiting current 'in the anodic direction; comparing 
figures 4.41 with 4.42. 
In summary, the degreased only surface provides few of the physico-chemical 
properties, which would be expected to impart good adhesion. This has been 
confirmed by joint testing. In addition, the relatively poor corrosion resistance offered 
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by this surface would be expected to compromise joint durability when exposed to hot 
wet environrnents for considerable periods of time. 
5.2 Alkaline Cleaning 
With the alurniniurn alloy coupons supplied the standard Isoprep 44 process had little 
or no effect on topography compared with the degreased-only surface. This was 
concluded from both SEM and AFM data presented in Appendix A. 3. Similarly, with 
2024-T3 clad alloy AES showed little, if any, change in surface or sub-surface 
compositions following Isoprep 44 treatment with the introduction of only low levels 
of silicon on the alkaline cleaned surface. 
The Pyrene 9-20, an alternative to I soprep 44, gave similar surface properties with 
2024-T3 clad alloy to that treated with the Isoprep 44. 
It should be noted that the coupons supplied had not been exposed to outdoor or non- 
optimised storage conditions and so were not excessively contaminated or hydrated. 
The alkaline clean procedure would be expected to be more beneficial to aluminium 
alloy sheets exposed to industrial environments. Since the deoxidised-only surface is 
rarely used as a stand alone prebond treatment for aluminium alloys the Isoprep 44 
and Pyrene 9-20 processes were not evaluated in eitherjoint or corrosion tests 
5.3 Deoxidising 
5.3.1 Standard Deoxidisers 
The standard 'optimised' FPL and Tri-acid etched surfaces displayed virtually 
identical surface morphology and chemistry, both exhibiting a classical scalloped 
texture, with these features in the order 0.5 to I Itm across. In addition, there exists a 
reasonably similar oxide thickness of 20 to 40 mn. Since these features are important 
in terms of increased surface roughness to aid adhesive bonding then it would be 
expected that both surface treatments would result in improved adhesive bonding 
performance compared with the degreased-only case. Such an increase is widely 
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reported for the optimised FPL etch in the literature and has. been attributed to the 
fonnation of a "microcomposite interphase". 
It is thought that the presence of organic contamination could impair the formation of 
interfacial bonds, if not otherwise absorbed by the primer. Alternatively, the presence 
of any surface contamination may adversely affect the wettability of an adhesive 
system on a substrate. This has been shown for the degreased-only surface by means 
of c omplimentary X PS, A ES and w ater contact angle d ata, which s hows relatively 
high levels of organic contamination. In contrast, both standard acid etches gave 
carbon levels-at a maximum of 15% in AES, with water contact angles below 10', 
indicated in table 4.4. This relates well with the observed levels of surface 
contamination. These data indicate an increase in surface free energy of the acid 
etched surfaces in relation to the degreased-only surfaces. These results indicate that a 
subsequently applied primer or adhesive would be able to intimately wet the FPL or 
Tri-acid surfaces to take advantage of the aforementioned topography. 
From the data in table 4.10, the obvious benefits to using acid etching as a 
pretreatment prior to bonding aluminium can be seen, if only for initial bond 
strengths. SLS load-to-failure values more than doubled for acid etched surfaces in 
comparison to the degreased-only joints with mean'values close to 7300 ± 20ON in 
both cases. Furthermore, a large increase in fatigue performance was observed in both 
wet and dry conditions 'using the FPL etch compared with the degreased-only 
adherends with up to - 2.3 x 106 cycles-to-failure in the dry. The Tri-acid etch gave 
the expected improvement but did not perform as well as the FPL. The Tri-acid gave 
approximately 7.2 x 105 cycles-to-failure in dry conditions. Note that low levels of 
fluorine were observed on the Tri-acid etched surface, this has been noted by many 
workers to reduce the adhesion performance of aluminium pretreatments possibly by 
the formation of friable fluorine containing salts or by initiation of corrosion. 
Interestingly, when the FPL etch is combined with the BSAA initial bond strengths 
marginally decrease compared with the Tri-acid etch plus BSAA. This suggests that 
any enhanced surface characteristics the FPL etch offers, for the CAA process, are not 
replicated when used in combination with the BSAA process. This is further seen 
from wedge testing for both the FPL etch and Tri-acid etch, when combined with the 
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standard BSAA operating parameters, which have been shown in this study to offer 
inadequate bond durability in comparison to that of the CAA 40/50V. Furthermore, 
this suggests that the scalloped morphology of the etch pits, produced by both the FPL 
and Tri-acid etches do not independently provide the necessary surface features for 
superior bond durability. The material processedby the standard acid etches were not 
assessed in corrosion studies as they are regarded as part of the overall anodising 
process in this study. 
5.3.2 Non Standard Deoxidisers 
The case for providing a suitable alternative chromate-free deoxidiser as a 
pretreatment prior to anodising is based on envirom-nental and health and safety 
grounds. As has been suggested in the literature 20 and demonstrated in Section 4.1.2, a 
prerequisite for the deoxidiser is to provide sufficient etching to remove surface 
contamination and undesirable voluminous surface oxides to produce a thin uniform 
oxide. Beneficial levels of adhesion can then be achieved from the subsequent 
anodising stage. 
SEM showed the Pyrene 10-21 and 14-19 processes to produce surfaces which were 
not unifonnly deoxidised. Therefore, these processes were not studied further. 
If any b enefits toa dhesion a re g ained from t he e xistence ofe tch p its, w hich o ther 
studies have suggested, 91 then the alternative deoxidiser 14-73 has demonstrated 
similar surface structure and chemistry to that of the currently used FPL etch or Tri- 
acid etch and so was later evaluated in the standard BSAA process. 
In addition, the Chemcid 2218 process gave a micro-rough surface, albeit not 
scalloped, and so was used in wedge testing with a subsequent BSAA treatment. 
Both the Pyrene 14-73 and Chemcid 2218 combined with BSAA gave comparable or 
worse wedge test performance than the standard BSAA incorporating the Tri-acid 
etch; see figure 4.32. In both cases there was significant apparent interfacial failure 
when viewed under an optical microscope. 
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In contrast, the EPAD process provides a highly nodular surface texture with features, 
typically 50nin in diameter. Despite the observed beneficial surface morphology 
produced by the EPAD this process, strictly speaking is not a true deoxidising 
process, regardless of its reported etching capability. 61 The work presented in Sections 
4.1.3 and 4.1.5 suggests the EPAD produces a relatively thick oxide, in the order of 
200 - 300 run, with a structure similar to an anodic oxide produced by PAA. 
From Section 4.1.5 it has been shown that the EPAD does not produce a thin uniform 
continuous oxide, as in the case of all the other deoxidising treatments studied, instead 
it is producing an anodic oxide of a structure similar to that proposed by Venables et 
aPO for PAA. This would explain the increased bond durability in wedge testing as the 
PAA oxide is well established as being capable of producing strong durable joints. 
Corrosion studies reported in the literature have shown the EPAD plus BSAA to 
provide hydration resistance equivalent to that of CAA, 97 which a PAA oxide alone 
would not offer. This suggests that for the oxide film formed from the EPAD plus 
BSAA process, the EPAD surface topography is providing the necessary morphology 
for durable bonds to be formed. Either due to primer. penetration of the nodular EPAD 
surface morphology on the uppermost section of the oxide film or as a result of the 
increased surface roughness on the nano-scale, which would provide greater surface 
area for the formation of chemical bonding. The EPAD plus BSAA process provides 
equivalent wedge test data to the standard CAA process with cohesive failure of the 
adhesive observed in all cases. Furthermore, the underlying BSAA oxide is possibly 
providing the corrosion resistance such that the duplex oxide is capable of offering the 
same bond durability and corrosion resistance to that of currently used CAA 40/50V. 
In summary, the usefulness of deoxidisers such as the FPL and Tri-acid etches as 
stand-alone pretreatments prior to structural adhesive bonding has been reported by 
many workers and further demonstrated in the present study. Both processes 
providing desirable surface properties, as discussed. However, it should be noted that 
in the present study the deoxidiser is considered primarily as a preliminary stage in 
the complete BSAA or CAA process. In this role, the deoxidiser is expected to 
provide an open surface structure with a relatively thin oxide, which would enable 
subsequent availability of aluminium cations for the anodic growth process. The 
aforementioned FPL and Tri-acid processes achieve this result. In contrast, the Pyrene 
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10-21 and 14-19 do not achieve this effect, providing non uniformly deoxidised 
surfaces. The Pyrene 14-73 and Chemcid 2218 processes provide promising open 
surface structures but do not improve upon the existing acid etches. The most 
interesting, nominal deoxidiser, is the EPAD process which provides the combined 
EPAD-BSAA process with a highly desirable PAA-like structure in the outer region 
of a duplex oxide and with a more densely packed inner. 
ýA Anodising 
In contrast to the degreased-only and to a lesser degree the acid etched surfaces, the 
lack of any residual organic material, as shown from XPS and AES data, after 
standard CAA and various BSAA-based treatments suggests that a high surface free 
energy exists. This was again confinned with the use of contact angle analysis. All 
anodised surfaces having a zero or near zero degree water contact angle, compared to 
the degreased-only alloy, which varied from 40 to 70". 
In the case of aluminium oxide the surface free energy is approximately 640 mJ. ni'2 . 
Again, the significance of this is that following both standard CAA and BSAA-based 
treatments an adhesive or primer would be expected to fully wet the surface. For 
example, for a surface to be fully wetted by an amine cured epoxide a surface free 
energy of approximately 45 niLrn -2 or greater is required. 171 
The surface roughness of a sample has also been suggested as contributing to the 
effects of wettability and 
* 
as a result the levels of adhesion. From profilometry data, 
tables 4.1 and 4.6, the values given indicate that there is little difference in macro- 
roughness between untreated and anodised surfaces. Therefore, the beneficial levels 
of adhesion expected following the CAA and BSAA treatments, compared with 
simple degreasing, are due to the micro-rough or finer features, not resolvcd by 
conventional stylus profilometery. In the following sections a comparison will be 
made between the different microstructures produced using the different anodising 
routes and the influence these structures have on both adhesion and corrosion 
performance. 
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5.4.1 Standard CAA 40/50V Process 
When viewed on the macro-scale the standard CAA 40/50V anodised substrates, in 
planar view, appear to possess the scalloped texture found in the FPL etched surface; 
see figures 4.9 to 4.13. Further studies into this phenomenon have shown that the 
macro surface morphology produced by the deoxidising stage, transfers through on to 
the anodised surface. Such an effect was observed with all anodised surfaces in this 
study. This effect has also been reported within the liturature 172 with claims that this 
can, in some circumstances, be detrimental to the production of strong durable 
bonds. 120 However, as discussed in the previous sections, this appears not to be the 
case for the EPAD pretreatment studied in this investigation. 
The above phenomenon could explain the fractured surfaces on bare anodised alloys, 
also reported in the literature. 94 In this case a very similar fractured surface texture 
was produced by the FPL etch on 7075-T6 bare alloy, which after subsequent 
anodising was transferred to the CAA oxide surface. Additional literature for the 
CAA surface morphology" suggests a uniform oxide on bare alloys so it is unclear as 
to whether orhot this is an etching problem or a process-related effect. It may, on the 
other h and, i ndicate t he sensitive o perating p rocess oft he F PL e tch, w ith di fferent 
operators and this may explain the unpredictability of FPL in terms of bond strengths 
and durability from a historical point of view. 
Another phenomena associated with the 2024-T3 and 7075-T6 bare alloys are holes or 
voids present in the anodic oxide film itself, which were observed to be up to 5- 
lOgm in diameter. This can be explained by the enhanced attack along grain 
boundaries and deep cavities on the surface, associated with the dissolution of second 
phase, intermetallic particles. 172 2214 alloys have shown the same cavities in anodic 
films, which were in the order of -20ptm, similar to the above observations and again 
this w as e xplained byt he d issolution ofc opper-rich i ntermetallic p articles. 148 S uch 
voids were not observed on the clad anodised surfaces. 
Considering the micro- and nano-structure of the CAA surface, the majority of studies 
within the literature for the CAA 49,57 and in particular the BSAA 94 process have 
investigated anodic oxides that were produced under laboratory controlled conditions 
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and often using high purity aluminium, combined with polishing or electro-polishing 
sample preparation techniques, not generally used in industry- However, initial studies 
in this work have considered test specimens produced in an industrial environment. In 
addition, previous studies that have investigated the anodising process, with respect to 
the S urface m orphology, h ave o nly considered o ne a Roy t ype. H ere t he t hree ra ain 
alloy types predominately used in aerospace applications have been considered, i. e. 
2024-T3 bare and clad and 7075-T6 bare alloy. Thishas aided in the understanding of 
the surface properties, which produce strong durable joints. 
As mentioned, the majority of work within the literature describes the anodic cross- 
sectional structure of CAA as a uniform columnar structure. However, work by 
Boeing 20 using PAA on 2024-T3 clad and 7075-T6 bare alloy showed that the anodic 
oxide produced on 2024-T3 clad alloy exhibited a columnar, porous appearance with 
the aluminium sub-grain structure extended into the oxide. The oxide produced on tile 
7075-T6 bare alloy appeared to be more micro-granular in structure. In both cases the 
idealised model of a regular hexagonal porous structure was not correct. Similar 
work 147,173 correlates well with the results found in this study and reported in section 
4.1.4. Note that different anodising solutions were being used in the aforementioned 
work, suggesting that the underlying alloy has a major influence on the nano-scale 
surface and cross-sectional structural properties of the anodised film produccd. It is 
suggested that it is the presence of the second phase particles including Cu-Al within 
the alloy, which is the re4Son for the nodular structure as work using an Al-3.5% Cu 
binary alloy has displayed the same nodular structure when anodised in sulphuric 
acid. "' 
What is clear is that the standard Benough/Stuart CAA 40/50V process provides a 
relatively open porous structure with pore diameters typically 15 to 30 nm. On the 
clad alurniniurn alloys the structure is relatively columnar *but is branched, and 
contains significant voids on the bare alloy. Eddy current measurements and electron 
microscopy indicated that the CAA oxide thickness is typically in the range 
2.5 to 3.5 gm. XRD data, not presented in this thesis, indicated that the CAA oxide 
was amorphous. The chemistry of the anodic oxide has been reported as comprising 
hydrated alumina. This was confirmed using IR analysis. In the present study, IR 
showed the films to lose water at a temperature of 100T. The CAA oxide was 
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demonstrated to exhibit pore penetration by the primer to provide the expected good 
adhesion. This was confirmed using initial SLS tests. More significantly, SLS joints 
produced using 2024-T3 bare alloy and exposed to water at 60*C for 100 days had a 
residual joint strength of - 60%. This durability compares very favourably with other 
pretreatments r eported int he I iterature. In a ddition, f atigue p erformance w as in uch 
improved over the degreased-only case with the mean number of cycles-to- fai lure 
exceeding 3x 106 in both dry and wet conditions. The extended oxide would be 
expected to provide excellent corrosion resistance, acting as a barrier layer. This was 
confirmed using polarisation experiments, with a relatively low limiting current in the 
anodic direction. This is particularly the case for the sealed CAA process. The 
usefulness of the scaled CAA for structural bonding has, however, not been 
demonstrated, it being more routinely used as a pre-paint process. 
5.4.2 Standard BSAA Process 
In general, the Boeing BAC 5632 standard BSAA anodic film structure and chemistry 
was, as possibly expected, very similar to that of SAA films. 94 With an oxide structure 
that has finer pores, is more uniform in terms of coating, and non-branching ill 
comparison to that of the CAA 40/50V oxide. Of interest, it should be noted that in 
the literature, SAA oxides produced on 2024 clad alloy have- been demonstrated to 
exhibit some pore penetration with phenolic resins. 31 It is this feature for the epoxy- 
phenolic primer system u sed in this study which is believed to be the key c lcmcnt 
affecting bond durability for the various modified BSAA processes. However, no 
studies have been identified which confirm the transport of epoxy-plienolic resins into 
the SAA pore structure. In general terms, the pore diameter on this surface being close 
to 10nm, much less than the CAA 40/50V. The thickness of these anodic oxides arc, 
however, comparable being approximately 2.0 to 3.5 gm depending on the alloy being 
processed. 
As indicated in table 4.10, the initial SLS results for the standard BSAA and CAA 
40/50V processes gave comparable bond strengths, with values close to 8000 ± 200N. 
However, the validity of SLS testing must be considered in these cases. From all the 
data presented in this work, the SLS test appears only to be able to categorically 
distinguish between poor (degreased or grit-blasted) joints and good (deoxidiscd or 
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anodised) joints. The method fails to be able to discriminate between different 
anodising parameters or even different anodising treatments. It can be concluded that, 
the in-house single lap shear testing method is not selective enough to be able to make 
a distinction between surfaces giving good and very good joint strengths. Of course 
these results can be related to the literature as investigations have reported variations 
in SLS results for different surface parameters in the past. 3 The most probable 
explanation is the influence of adherend thickness, with thicker adherends providing 
less bending and as discussed in Chapter 1, less peel. This would explain why all the 
joints tested with different anodising parameters appear to give similar values. The 
recorded values are more a function of the peel strength of the adhesive itself rather 
than as a function of the adhesion from the surface treatments. Further evidence for 
this is that all chemical and electrochemical treated surfaces displayed cohesive 
failure within the adhesive, with no other observed failure mechanisms. In this case, 
with high peel forces, the measurement is of the mechanical properties of the adhesive 
alone and not the interfacial adhesion. Many workers have used FEA and related 
techniques to verify this conclusion. For this reason, the wedge test was used more 
extensively in the present study. Significantly wedge test data confirms the superior 
bond performance offered by the CAA process compared with the standard BSAA; 
see figure 4.3 1. 
It is thought that the straighter more columnar structure of the standard BSAA oxide 
cannot account for the poor adhesion characteristics of the standard BSAA as other 
better performing BSAA-based processes exhibit the same, more uniform oxide 
structure. This is also comparable to that provided by the CAA process on the clad 
alloy. 
Wedge test results indicate that the primer/oxide interphase is of importance as the 
standard BSAA, where the primer is thought not to penetrate the 10 mn wide pores of 
the oxide, shows large crack propagation. Whereas, for the CAA with its pore 
diameters up to 30 run, the primer has been demonstrated to penetrate the more open 
pores of oxide and form a continuous interphase. Furthermore, the micro- and nano- 
rough surfaces produced by these surface treatments, if fully wetted, will both 
maximise the surface area available for primary and secondary bonding interactions. 
The role of - such an interphase or nanocomposite can be postulated upon as 
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photoelastic studies have shown stresses to be redistributed within the volume of 
adhesive rather than at a planar surface. FEA based techniques could, given sufficient 
computing power, be used to provide additional information in this area. What is clear 
is that some degree of pore penetration is required to produce optimum adhesion 
levels and that the standard BSAA process does not facilitate this. The failure analysis 
reported in Section 4.2.1 confirms this conclusion. Significantly, whilst the wedge test 
joints assembled with CAA treated adherends failed cohesively within the adhesive 
the standard B SAA treated joints demonstrated significant mixed mode failure; see 
table 4.11. 
The barrier properties of the standard BSAA oxide would be expected to provide 
good corrosion resistance. Comparable, if not superior, corrosion resistance to the 
CAA 40/50V process was well documented in the literature. 5,96-99 
In summary, the standard BSAA provides a contamination-free, corrosion resistant 
surface, which does provide useful initial adhesion levels. However, wedge test 
results indicated that the lack of primer penetration and intqrphase formation can 
compromise adhesion levels. Some degree of process optimisation is, therefore, 
required to create a different nanostructure capable of providing such an interphase. 
5.4.3 Other BSAA-based Processes 
The use of alternative alkaline cleaners and deokidisers has been considered in 
Section 5.2 and 5.3. This section will focus on the use of different anodising 
parameters to achieve interphase formation namely: temperature; voltage; electrolyte 
concentrations, and; the use of a post anodising dip (PAD). 
5.4.3.1 The influence of varying electrolyte temperature 
BSAA deposition was carried out with electrolyte temperatures in the range of 15 to 
40'C. At 40'C visible "burning" of the aluminium alloy surfaces was evident and the 
anodic film was highly non-uniform in appearance. The optimum temperature, i. e. 
that which gave surface topography most similar to that produced by the CAA process 
was 35T. This was defined as the high temperature BSAA (HT BSAA). All available 
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characterisation techniques showed the HT BSAA to provide the same surface 
structure as the CAA in terms of both pore Aiameter and oxide thickness. 
Furthermore, XPS, AES and water contact angles showed this surface to be 
atomically clean. XPS, AES and IR showed the bulk chemistry to be similar with the 
exception thaý there are low levels of boron and sulphur, identified by XPS, in the 
BSAA oxide. IR confirmed the presence of sulphate species present with 2024-T3 
clad alloy. 
Initial SLS joint strengths were comparable with both CAA and HT BSAA treated 
adherends. More significantly, environmentally exposed 2024-T3 and 7075-T6 bare 
alloys also showed similar levels of residual joint strength with exposure time. In 
addition, the dry fatigue tested HT BSAA joints gave mean values over 3x 106 
cycles-to-failure. This is comparable to the CAA and an improvement over the 
standard BSAA process. The wet tested cyclic fatigue specimens exhibited failure 
within the metal in most cases so the relatively low number of cycles-to-fai lure 
indicated in this case is misleading. 
As indicated in figure 4.32, wedge test results for the FIT BSAA process gave 
comparable, if not better, bond strength durability than that of the CAA 40/50V. 
For the HT BSAA it is suspected that the observed open pore structure has aided in 
the mechanical interlocking of the primer. Workers using a high temperature CAA 
40/50V process have shown a more open pore structure to that of standard CAA 
surface treatment, which has aided in the wetting and penetrating of an adhesive. 57 In 
as imilar m anner t his h as b een o bserved, int his s tudy for t he BSAA p rocess. T he 
difference being the work above describes pore penetration of an adhesive absent of 
any primer application, hence the reason the standard CAA anodic oxide showed no 
penetration but a high temperature version did. In the work presented here, a lower 
viscosity primer is used such that the standard CAA 40/50V pore structure is more 
than sufficient to allow primer penetration deep into the oxide. In the case of the 
standard BSAA oxide and any variant absent of this feature the porosity is obviously 
insufficient to allow primer penetration. However, the optimised temperature of 35'C 
for the BSAA process mimics that of the CAA oxide and it is thought to allow primer 
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penetration, hence producing an area of interaction or interphase between the 
substrate and the primer. 
It has been suggested in the literature that peel testing can be more sensitive than 
wedge testing for lifetime predictions. 31 Certainly, in this study distinctions between 
different anodising processes have been observed in peel testing when the same 
surface treatments have displayed equivalent wedge test results. A positive result to 
come from p eel t esting of t he HTB SAA p rocessed m aterial w as t he u nexpectedly 
large values obtained, in. comparison to those from CAA 40/50V processed joints, 
figure 4.38. The large increase in peel strength for the HT BSAA process using the 
2024-T3 clad alloy is difficult to explain. However, such an increase in peel strength 
has previously been reported for the EPAD plus BSAA when compared to the CAA 
using 2024-T3 bare alloy. 97 
Of additional interest are the results of nano-hardness testing which demonstrated that 
the HT BSAA process produces a relatively compliant oxide but which has a high 
threshold below which fracture occurs. These properties would be expected to give 
good stress transfer characteristics to the FIT BSAA oxide. Such properties are again, 
difficult to quantify or indeed model. 
All of the unsealed HT BSAA processed alloys failed 336 hours salt spray exposure, 
with the exception of thq 2024-T3 clad alloy, where the equivalent unsealed CAA 
40/50V would be expected to pass. The salt spray results did prove, however, that the 
sealed BSAA oxides at elevated anodising temperatures can be adequately sealed to 
pass 1000 hours neutral salt spray testing. In normal design conditions any exposed 
surfaces would normally be sealed if not in a bonded state so the relevance of these 
results for the unsealed substrates is debatable. This is further seen in the filiform 
corrosion testing where the above trend for the unsealed HT BSAA is not present and 
instead the results are comparable with the results from the CAA 40/50V process; see 
table 4.18. In addition, corrosion studies within the literature have shown, using EIS, 
good corrosion performance for oxides generated using a very similar high 
temperature boric/sulphuric acid bath. 170 
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As the barrier layer for both the HT BSAA and CAA oxide are similar, an explanation 
for the above results could lie in the pore structure of these anodic oxides. It has been 
shown in Section 4.1.4 that the unsealed CAA 40/50V oxide has a branching 
columnar structure with evidence of pore termination throughout the oxide itself 
These features may restrict water diffusion down to the barrier layer and so aid in the 
corrosion protection of the underlying substrate. The pore and column sizes are very 
similar to that of the HT BSAA, with the exception that the HT BSAA oxide has a 
straighter column configuration, which could be providing direct assess for water to 
attack the barrier layer. In addition any chromates, if present, on the CAA oxide 
would assist in the corrosion inhibiting properties of the oxide. Note that no 
chromium was observed in the CAA film by either XPS or AES. This study has 
shown that unlike with other corrosion resisting prebond processes there is no need 
for the presence of either chromates or phosphates to inhibit any hydration in a 
bonded joint and in so being the dominant factor influencing good bond durability. In 
this case the HT BSAA' incorporates no such species but still displays the same 
performance to the CAA. Both anodic oxides providing barrier properties to reduce 
hydration rates. 
As the literature has highlighted in Sections 2.7.2 and 2.9.1 and as seen in the 
corrosion studies seen in Section 4.3.4 there exists a number of sealing mechanisms 
for the various produced anodic oxides of aerospace high-strcngth aluminium alloys. 
Despite these obvious differences, the corrosion performance of the HT BSAA does 
provide comparable data to that of the CAA 40/50V for all the corrosion studies 
carried out in this study. Polarisation experiments do not seem to reveal any 
differences in terms of the above sealing mechanisms, showing the 2024-T3 clad 
substrates to have similar polarisation curves for -both the CAA 40/50V and HT 
BSAA, see figure 4.42 - 4.45. 
5.4.3.2 The influence of variations in anodising voltage 
For practical reasons the BSAA anodising voltage could only be varied between 15 
and 25V in the present study. In general terms, electron microscopy revealed that 
there was no significant difference compared with the standard BSAA in the oxide 
structure, within these limits, which would have been expected to contribute towards 
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improved adhesion. Wedge test results showed values of 15,20 and 25V to produce 
comparable levels of adhesion to the standard BSAA process. 
Looking in more detail, in the case of the higher anodising potential the cells have 
been shown to be smaller in diameter and more closely packed at the top of the oxide 
than in the bulk of the oxide. This bears comparison with the CAA 40/50V, which 
displays a similar structure. The dissimilarity, as already mentioned in Sub-section 
4.1.5.4 is the size, with pore diameters on the surface of the CAA 40/50V being 
approximately twice that of the BSAA with an anodising potential up to 25V. This 
would explain why the increased voltages showed marginal, if any, improvements in 
wedge testing as only limited pore penetration may have taken place. 
5.4.3.3 The influence of electrolyte concentrations 
The boric and sulphuric acid concentrations were varied from 2.5g/l to lOg/l and 
20g/l to 60g/l respectively. SLS testing showed all combinations to give comparable 
values, close to 8000 ± 200N, to the standard BSAA incorporating 7.5g/l and 40g/l. 
The structure of the anodic oxides were similar in terms of pore diameter being close 
to 10 - 15 nm across, similar to the standard BSAA. 
One possible factor apparent from the wedge test data in figure 4.32, which has been 
suggested earlier and by relating to the surface morphology, is that it is primarily the 
uppermost section of the anodic film that could be the key element to good 
mechanical interlocking. A number of cases have shown from cross-sectional studies 
that the underlying BSAA oxide is of a similar structure regardless of processing 
modifications. For example any variations in the electrolyte concentrations produces a 
columnar structure comparable to that of the underlying oxide of the EPAD plus 
BSAA but wedge test data shows the BSAA process with varying concentrations to 
have very poor bond durability and that of the EPAD plus BSAA to have excellent 
durability in a bonded system. The significant difference being the 200 - 300 nm 
thick porous region on the outermost surface of the EPAD plus BSAA. 
The only significant difference that was noted for electrolyte concentration variations 
was that the oxide increased in thickness with increasing sulphuric acid content. This 
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is attributed to the availability of more sulphuric acid with increased oxidising power 
at higher concentrations. Although this result does not impact upon this study it could 
have an influence in tenns of the development of more corrosion resistant coatings for 
example in pre-paint applications based on the BSAA process. 
5.4.3.4 The influence of a post anodising dip (PAD) 
In terms of the PAD as a post treatment to the standard BSAA process, many of the 
reported studies have only treated the anodised surface for time periods ranging from 
10 to 240 seconds. 40,120 In this study a 10 minute immersion in the phosphoric acid 
solution was studied, this produced good bond strength and durability. Excellent bond 
strengths were demonstrated by wedge tests; see figure 4.32. SEM showed the 
standard BSAA following the PAD to produce an open "whisker-like" oxide network; 
see figure 4.30. This open structure would be expected to provide an interphase with 
the subsequently applied BR-127 primer. Note that large areas of this surface have a 
much thinner oxide layer than the 2.5 to 3.5pLM expected on the standard BSAA 
processed surface. It is possible that this extended time may have compromised the 
oxide barrier protection and so reduced the corrosion performance of the anodised 
surface. This illustrates that the effects of the surface morphology are critical in the 
achievement of strong durable bonds in order to allow primer penetration but this can 
compromise the corrosion properties if the underlying oxide is reduced in thickness or 
removed from the system. 
In s imple t erms t his i Ilustrates t he c onflicting requirements ofas tructural p rebond 
process for metal bonding in that an open structure is required to permit primer or 
adhesive penetration but Such a structure will be less corrosion resistant than a more 
compact oxide. 
At this stage it is also worth noting a few general points on the relationship between 
surface topography and structural adhesion performance. From the work carried out it 
would appear that the critical surface morphology necessary to provide good 
mechanical interlocking and stress transfer, in order to gain good bond strength 
durability, needs only to be within 200-300nm of the top surface. It is unclear at this 
point how much further any primer or adhesive may penetrate the oxide and what, if 
189 
Chanter 5- Discussion K. Yendall 
any, influence this would have on durability. What is clear is that the uppermost 
surface must fully wet to allow penetration of the oxide. The viscosity of the primer or 
adhesive will play a large role in the final outcome. This has also been demonstrated 
within the literature whereby the oxide stability after treatment and the effects of 
wiping the surface, when -using a primer in combination with the adhesive has shown 
little* difference in bond durability, but a large difference has been revealed if the 
primer is omitted, giving evidence that the low molecular weight of the primer helps 
the penetration of the oxide surfaces. 31 In the case of a porous morphology it is also 
evident that a critical pore diameter exists which will permit primer penetration. This 
is likely to be related to capillary forces of the primer trying to penetrate the pores and 
also the size of the molecules trying to migrate down into the oxide. 
The remaining oxide below this 'active' layer would then probably only contribute to 
the corrosion performance of the surface treatment. This theory ties in with the joint 
performance of PAA processed material, which is known to provide excellent bond 
strength, attributed to the surface morphology of the thin oxide but lacks the corrosion 
performance offered by that of CAA or BSAA processed material, owing to a lack of 
the afore mentioned additional oxide. 
If the HT BSAA oxide allows more primer penetration this may explain the large 
increase in peel strengths as it would produce a thicker interphase and so as the joint 
is subjected to mode I loading a larger area of interaction or surface area would be 
present and the primer o xide interphase would resist separation. This theory w ould 
also follow for the previously discussed EPAD plus BSAA as it is known that this 
surface treatment produces a very nodular topography, which again will increase the 
surface area of interaction between the primer and the oxide for good chemical and 
mechanical interlocking. An alternative way of looking at the problem is by the 
interlocking of the primer within the hollow columns, which in effect creates columns 
of primer within these hollow structures. The deeper the primer penetrates, and once 
cured, the greater the pull out force required in separating the primer and the oxide. 
Poor peel results in the literature for PAA processed joints when compared to the peel 
performance of CAA 31 may suggest that the primer does penetrate down into the 
underlying oxide, which the PAA lacks. 
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These high peel strength matches the results found from nano-indenting, i. e. HT 
BSAA and EPAD plus BSAA show very high peel strengths compared to the CAA 
and the hardness at outer most surface changes compared to CAA and standard 
BSAA. T his rn ay i ndicate t hat t he in echanical P roperties ofana nodic o xide at the 
outermost 200-300nm may have an additional impact on the bond durability, 
especially in peel. If the high peel strength were to be attributed to primer penetration 
alone, then equivalent peel strengths for the CAA oxide would be expected, as very 
similar surface features exist for both the HT BSAA and the CAA. However, these 
surface features cannot be the whole story as the EPAD plus BSAA possesses a very 
different surface morph9logy. This suggests that in order to have good bond 
durability, which exhibits high peel strengths, first of all the primer needs to penetrate 
the outermost oxide, this explains why the standard BSAA fails, secondly the oxide 
mechanical properties at the outer most 200-300 nni play a key role in the distribution 
of stresses and strains in which the primer and oxide is thought to form an cohesive 
interphase. 
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6. Conclusions 
From the Literature Review, it is clear that an array of surface treatments are currently 
used for the structural bonding of aluminium and its alloys. For a particular alloy, 
these pretreatments can produce significant differences in terms of surface chemistry, 
surface morphology and cross-sectional structure. These changes occur on a macro-, 
micro- and nano-scale as evinced by techniques such as XPS, AES and electron 
microscopy. These techniques have also proved of use in the present study. 
Different pretreatments applied to bonded joints or assemblies have revealed a range 
of bond strengths produced and differences in terms of bond durability. However, 
from both the available literature and the present study, it is apparent that the anodic 
I oxides are the best performing pretreatments for aluminium alloys. In particular, in 
cases where joints would be exposed to hot-wet conditions the chromic acid anodise 
(CAA) has proven to be highly successful. The standard CAA 40/50V process is 
routinely used in the highly demanding aerospace industry where absolute 
performance and safety are critical factors. There are, however, issues relating to the 
use of hexavalent chromium-based processes, such as the CAA, from both 
environmental and personal exposure points of view. There is, therefore, a current 
requirement to replace the standard CAA as a prebond process. 
The success of the CAA process is due to the physico-chemical properties imparted to 
the aluminium surface. The open porous structure provides the opportunity for 
interphase formation whilst the relatively thick oxide provides barrier corrosion 
protection. Any "drop-in" or replacement technology would be required to fulfil 
these roles to provide the required initial adhesion, long-term bond durability and 
corrosion resistance. It would appear from the present study, that although a 
relatively strong joint can be achieved with basic cleaning and minimal surface 
pretreatments (degreased and deoxidised), the major contributing factor to bond 
durability is the nanometre-scale surface morphology and the ability of a primer to 
penetrate this morphology. 
192 
ChaDter 6- Conclusions K. Yendall 
The existing Boeing BAC 5632 boric sulphuric acid anodising (BSAA) process was 
predicted to provide good initial adhesion and corrosion resistance due to its thick 
oxide structure comparable to the sulphuric acid based process used for architectural 
structures. For this reason it was thought worthy of study. However, the lack of 
available porosity on the standard BSAA surface meant that interphase formation was 
not possible with the epoxy-phenolic primer used and wedge test results were not 
satisfactory, with mixed mode failure resulting. This result was of interest as it 
demonstrates that the macro-rough surface morphology, and any mechanical 
interlocking associated with it, has limited effect'On bond durability. 
A number of modification technologies were considered in this study to vary tile 
standard BSAA process specifically to achieve satisfactory structural bond 
performance. These included: variations in the alkaline cleaner; variations in the 
deoxidiser; variations in the anodising parameters, and; the use of a post anodising 
dip. 
It has been demonstrated in these studies that there are three possible methods of 
providing excellent durability using a variation of the standard BSAA process: the use 
of an electrolytic phosphoric acid deoxidiser (EPAD); a high temperature anodise at 
35"C, and the use of a post anodise phosphoric acid dip (PAD). In all cases 
environmentally-aged wedge test results were comparable to the CAA control. 
The EPAD plus BSAA process provides an outer layer, extending to a few hundred 
nanometres, of highly open porous oxide on top of a virtually non-porous BSAA 
structure. The open structure is initially deposited in the deoxidising stage with the 
anodic oxide subsequently grown underneath. The open porosity providing the 
possibility of the desirable interphase formation and the underlying oxide the 
corrosion protection. The outermost structure is comparable to the highly successful 
phosphoric acid anodising (PAA) process currently used by Boeing Aerospace Corp. 
for structural adhesive bonding. 
The HT BSAA process provides an hydrated oxide structure directly comparable to 
the standard CAA. This is due to the fact that at high temperatures there is increased 
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dissolution of the anodic film. This makes the HT BSAA structure more open than the 
lower temperature standard process. The HT BSAA process can be used for structural 
adhesive bonding with equivalent if not superior adhesion performance to that of the 
CAA 40/50V treatment. In addition, the corrosion protection offered by both 
processes are similar and the metal fatigue loss following HT BSAA is less than 
following CAA. As such, the HT BSAA process could be considered as a suitable 
replacement to the currently used hexavalent chromium processes operated in the 
aerospace industry today. In addition, the processing parameters can be engineered to 
provide a treatment for both paint applications and corrosion protection as well as for 
the structural adhesive bonding of aluminium alloys. 
The PAD process is proposed to operate by removal of the thinner pore walls in the 
standard BSAA film to produce a relatively open structure. This "opened-up" 
structure provides the possibility of interphase formation resulting in equivalent joint 
test results to the standard CAA process. Corrosion performance was not studied for 
this process but it would not be expected to perform to the -same standard as the 
EPAD plus BSAA or HT BSAA due to the rather heterogeneous oxide structure 
produced. 
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Further Work 
'I - 
Previous sections have detailed results and provided proposals on the production 
mechanisms of a number of pretreatments to improve the adhesion of metal-to-metal 
bonded joints in order to remove the use of hexavalent chromium in the pretreatment 
of aerospace aluminium alloys. There are a number of areas arising from the findings 
contained in this thesis that warrant further investigation, these are outlined below: 
a The degree of primer penetration into the various anodic oxides needs to be 
quantifiably assessed in order to understand the true role of the interphase in 
determining the levels of adhesion provided by a particular pretreatment. 
Consideration of Finite Element (FE) modelling on the macro- or micro-scale 
of the various anodic oxides structures would help understand the overall 
stress and strain distributions within a bonded joint from the global to the 
nano-scale. 
e The effects different structural adhesive systems (primer/adhesive) have on 
the bond strength and durability of the HT BSAA process needs to be 
assessed, in a comparative manner to that of the CAA 40/50V process, in 
order to further evaluate the potential of the HT BSAA as a surface treatment 
to adhesive bonding. 
e The alternative non-chromated deoxidising processes have been demonstrated 
to produce similar surface morphology and chemistry to currently used 
chromated solutions. They did not however, show any improvement when 
used in combination with the standard BSAA process. The bond strength and 
durability of these treatments needs to be assessed in combination with the 
HT BSAA process to achieve a fully non-chromated surface treatment for the 
adhesive bonding of aluminium. The grit-blast surface treatment when 
combined with BSAA has shown the ability to produce strong durable bond 
strengths on a limited number of trails. This could be further studied to assess 
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its o verall. p erfonnance in ab onded a ssembly. The grit-blast p rocess c ould 
replace the Tri-acid etch to provide a completely chromate-free process. 
e In addition to the above, the requirement for an alternative non-chromated 
sealing process is an additional area, which needs to be assessed further for 
the HT BSAA. This could benefit from the use of EIS, which has previously 
been reported in the literature and could further the understanding of the 
corrosion mechanisms of the HT BSAA and complement the corrosion results 
found in this study. 
Joint fatigue testing could be further studied with the use of tapered double 
cantilever beam (TDCB) testing to provide more widely useful pseudo- 
engineering data. 
Due to the lack of sensitivity of the in-house and standard SLS testing, thick 
adherend shear testing could be studied further to assess the true shear loads 
the various anodised substrates can sustain. 
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Appendix A 
A. 1 
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AFM image of degreased-only 2024-T3 clad aluminium alloy 
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A. 3 
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AFM image of Isoprep 44 treated 2024-T3 clad aluminium alloy 
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